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"We need to entertain ev~ry prospect of novelty, 
every chance that could result in new combinations. 
But at the same time we need to entertain those 
with sceptical examination, and subject them to 
the most impartial scrutiny, for the probability 
is that nine hundred and' ninety-nine of them will 
come to nothing, either because worthless in them-
selves or because we shall not know how to elicit 
their value; but we had better entertain them all, 
however sceptically, for the thousandth idea may 
be the one that will change the world." 
"Dialogues of Alfred North Whitehead, 
as recorded by Lucien Price," 
Little, Brown & Co., Boston, 
pp. 284-285, 1954 • 
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This thesis deals with a study of the effects of far-
UV radiation, oxygen and hydrogen peroxide on macro-
molecular synthesis and viability in the obligate 
anaerobe, Bacteroides fragilis, as well as the specific 
proteins induced in this organism by these different 
DNA damaging agents. 
Irradiation of Bacteroides fragilis cells with far-UV 
light (254 nm) under anaerobic conditions resulted in 
the immediate, rapid and extensive degradation of DNA 
which continued for 40 to 60 min after irradiation. 
During the degradation phase, DNA synthesis was 
decreased but was never totally inhibited, and con-
tinued in a linear fashion for a dose-dependent period 
before exponential DNA synthesis resumed. DNA syn-
thesis decreased with increasing UV fluences. DNA 
degradation after irradiation was inhibited by chloram-
phenicol and caffeine. DNA synthesis in irradiated cells 
was reduced by chloramphenicol but'resumed after 100 min 
at the same rate as in irradiated cells without chloram-
phenicol. Irradiated cells continued to synthesize DNA 
for 40 min in the presence of caffeine but after this 
time DNA synthesis was completely inhibited and never 
recovered. RNA and protein synthesis were decreased 
by UV irradiation and the degree of inhibition 
i 
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was proportional to the UV dose. Colony formation was 
not affected immediately by UV irradiation and continued 
for a dose-dependent period prior to inhibition. There 
was an inverse relationship between UV dose and inhibition 
of colony formation which occurred sooner in cells irrad--- iated with lower doses of UV light. 
Far-UV irradiation of B.fragilis cells under anaerobic 
conditions resulted in the induction of a new 95 000-
molecular weight protein and the increased synthesis of 
•• two proteins with molecular weights of 90 000 and 70 000 • 
The latter two proteins were synthesized in small amounts 
in unirradiated cells. The induction of a 37 000- to 
40 000-molecular weight protein was not observed in 
irradiated B.fragilis cells. The synthesis of the uv-
inducible proteins increased over a 35-min period following 
UV irradiation and then decreased with a halflife of 20 to 
25 min once maximal levels were reached. Sublethal con-
centrations of caffeine reduced the survival of irradiated 
cells and specifically inhibited the induction of the 
95 000-, 90 000- and 70 000-molecular weight proteins 
under anaerobic conditions. Sodium arsenite did not 
affect the induction· of the three inducible proteins 
• or the survival of irradiated B.fragilis cells. Both 
caffeine and sodium arsenite had very little or no 








Colony formation in exponential B.fPagiZis cells in 
minimal medium was inhibited when the cells were exposed 
to oxygen. After a period of time in oxygen there was a 
decrease in viability of the cells. DNA, RNA and protein 
synthesis in B.fPagiZis continued at a reduced rate for 
a limited period after exposure to oxygen, before it was 
inhibited. The rate and time of inhibition of macro-
molecular synthesis by oxygen was affected by the method 
of aeration. DNA synthesis was more sensitive to oxygen 
than RNA or protein synthesis. The plateau in incorpor-
ation of radiolabelled thymidine into DNA was not due 
to a shutoff of isotope transport, but represented a 
net inhibition of DNA synthesis. Once DNA synthesis 
was inhibited by oxygen, restoration of the cells to 
anaerobic conditions did not result in a resumption of 
synthesis. There was a correlation between the inhibition 
of DNA synthesis and the decrease i~ viability of cells 
exposed to oxygen. The effects of hydrogen peroxide on 
DNA synthesis and colony formation under anaerobic 
conditions were dependent on the concentration of hydrogen 
peroxide. At high concentrations of hydrogen peroxide 
DNA synthesis and colony formation were inhibited but 
no loss of viability occurred in hydrogen peroxide-treated 
B.fPagi.Zis cells. There was a synergistic effect between 
oxygen and hydrogen peroxide and concentrations of hydrogen 
peroxide which had no effect on DNA synthesis over 60 min 








immediately in the presence of oxygen. 
DNA synthesis in UV-irradiated B.fragilis cells exposed 
to oxygen was completely inhibited and no degradation of 
DNA was observed. The rate and degree of inhibition of 
DNA synthesis in aerobically irradiated cultures was 
dose-dependent. RNA and protein synthesis were relatively 
unaffected after similar treatments. DNA synthesis 
in irradiated B.fragiZis cells treated with hydrogen 
peroxide was characterized by a degradation phase 
followed by net DNA synthesis. The addition of caffeine 
or chloramphenicol did not affect the pattern of DNA 
synthesis in aerated unirradiated B.fragiZis cells or 
in prelabelled cells irradiated under aerobic 
conditions. 
Two proteins with molecular weights of 90 000 and 70 000 
were induced by oxygen and hydrogen peroxide in unirrad-
iated and UV-irradiated B.fragilis cells. These proteins 
were synthesized in small amounts in untreated cells. 
Caffeine inhibited the induction of the 90 000- and 70 000-
molecular weight proteins by oxygen and hydrogen peroxide. 
A 95 000-molecular weight protein was induced by hydrogen 
peroxide and UV irradiation, but was ~nhibited by oxygen . 
Oxygen also inhibited the synthesis of a 40 000-molecular 
weight protein. Oxygen furthermore specifically induced 




the synthesis of this protein was not induced by hydrogen 
peroxide or UV radiation under anaerobic conditions. A 
106 000-molecular weight protein was induced by both 
oxygen and hydrogen peroxide. 
v 
The relationships between the DNA damage-induced proteins, 
macromolecular synthesis in damaged B.fragiZis cells and 
the observed physiological responses and inducible repair 
phenomena after the different DNA damaging treatments in 










The existence of anoxybiontic, aero-intolerant 
ba~ter ia was first reported in 1861 by Louis Pasteur 
when he discovered these obligate anaerobic organisms 
during his studies on butyric fermentation processes. 
Ever since then, people have been intrigued by the 
very nature of obligate anaerobes and considerable 
effort has been expended in search of the prime 
cause for the adverse sensitivity of the anaerobes 
to molecular oxygen. Despite the restriction placed 
on anaerobes by their requirement for an anaerobic 
environment and availability of appropriate organic 
and inorganic electron donors and acceptors for 
energy generation, they are widely distributed in 
nature. Studies on the anaerobic bacteria inhabiting 
the gastro-intestinal tract of man and the rumen of 
herbivores have resulted in a growing awareness of 
the ecological importance of the anaerobic bacteria 
as causative agents of disease, especially in man. 
Furthermore, the potential of anaerobes in biotech-
nology is also focusing increasing attention on 
these bacteria. Although the technical difficulties 
involved in working with anaerobic bacteria have 
been responsible for their general neglect in the 






studies on these organisms and that of aerobes, 
modern technology has changed the situation and made 
the study of these organisms considerably easier. 
Fundamental studies on the molecular genetics of 
anaerobes are important in furthering our understanding 
of the physiology, biochemistry and pathogenicity of 
these organisms, and in realizing the potential of 
recombinant DNA technology. The study of the genetics 
of anaerobes is still very much in its early initiation 
stage and this introduction gives an overview of 
genetic studies in Bacteroides strains with special 
reference to the work done in our laboratory on 
Bacteroides fragilis. More detailed introductions 
2 
on the specific areas of the responses to UV irradiation 
addressed in this thesis, are given at the beginning of 
the relevant chapters . 
The strain of B.fragilis utilized in all our studies, 
Bf-2, was isolated in 1977 from a clinical infection. 
The Gram-negative, non-sporeforming rod Bacteroides 
fragilis is the most common species of anaerobic 
bacteria isolated from human soft tissue infections 
(Moore & Holdeman, 1974) and the original description 
of B.fragilis by Veillon & Zuber in 1898 was based on 




appendicitis (Bergey's Manu~l, 8th Edition). Special 
attention has been focused on the occurrence and 
function of certain bile salt catabolic enzymes in H. 
fragi~is~ which are known to catalyze reactions which 
generate a variety of compounds which have.been impli-
cated in the etiology of cancer of the large intestines 
of man (Norman & Bergman, 1960; Hillet a~~ 1971). 
The predominance of B.fragi~is in clinical isolates 
suggests that it must possess unique virulence proper-
ties. This anaerobe only accounts for about 0,5% of 
the colonic microflora and is greatly outnumbered by 
the other Bacteroides species. Yet, in clinical 
isolates, B.fragi~is accounts for 80% of all isolates. 
This virulence appears to be positively linked to the 
possession by about 80% of the isolated B.fragi~is 
organisms of a high molecular weight polysaccharide 
3 
layer external to the cell wall (Onderdonk eta~~ 1977), 
which is considered to be a cell surface antigen rather 
than a true capsule (Hofstad, 1979). 
Apart from,the fact that its medical importance demands 
further intensive research, Van Tassell & Wilkins (1978) 
suggested that B.fragi~is is an appropriate choice for 
genetic studies of Gram-negative anaerobes because of 
certain of its physiological and biochemical character-







B.fragilis is the fair amount of oxygen tolerance 
f 
exhibited by this anaerobe, allowing some manipulations 
to be done on the bench. Loesche (1969) found that li. 
fragilis can withstand exposure to room atmosphere for 
periods of at least 60 minutes without loss of viability, 
and Onderdonk et al (1976) reported that the effect of 
oxygen on B.fragilis cells growing in a chemostat is 
only bacteriostatic in nature. 
A second advantageous characteristic of B.fragilis 
involves the relative ease with which phages specific 
for this organism can be isolated (Keller & Traub, 
1974; Van Tassel & Wilkins, 1978), increasing the 
potential for obtaining transduction in this organism. 
Pseudolysogeny is very common in the Bacteroides group. 
Both Booth et al (1979) and Jones (1979) found a corre-
lation between pseudolysogeny, phage resistence and 
encapsulation o~ B.fragilis cells,. and Booth et al · 
(1979) suggested that pseudolysogeny can be explained 
by the interference of the capsule with the attachment 
of phage to the B.fragilis cells. Keller & Traub (1974) 
reported that although the carrier cultures of B.fragilis 
adsorbed phage, these cells had an intracellular 
immunity to the injected DNA. 
A third favourable characteristic of B.fragilis is 
its ability to grow well not only in complex media, 
•• 
5 
but also in simple defined medium supplemented with 
hemin {Quinto, 1966), suggesting that this bacterium 
possesses extensive biosynthetic capacities (Varel & 
Bryant, 1974). The requirement of B.fragilis for 
ammonia {produced by extensive b+eakdown of urea, 
I 
amino acids and amino sugars in the colon) as nitrogen 
source, cannot be satisfied by amino acids in the 
medium: B.fragilis grows poorly, or not at all, when 
an amino acid mixture is used as the sole nitrogen 
source (Varel & Bryant, 1974). It is therefore often 
assumed that B.fragilis cannot utilize amino acids 
and Mossie et al (1979) reported that this organism 
is also unable to incorporate labelled amino acids. 
Smith & Salyers (1981), however, reported that there 
is some evidence that utilization of amino acids by 
B.fragilis can occur. During our studies we found 
that labelled methionine is readily incorporated into 
•• acid-precipitable material in B.fragilis cells. 
B.fragilis presumably utilizes low molecular weight 
polysaccarides to satisfy its requirement for ferment-
able carbohydrates: Berg et al {1980) discovered that 
B.fragilis is a rich source of glycoside hydrolases, 
• enzymes involved in the cleavage of such low molecular 
weight po-lysaccharides. Polysaccharides such as mucins 
and epithelial cell glycoproteins secreted by the host, 
as well as plant cell polysaccharides which cannot be 
• 
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degraded by mammalian enzymes, appear to be the 
natural source of fermentable carbohydrates available 
to Bacteroides species in the colon (Salyers & Kotarski, 
1980); however, Salyers et aZ (1977) suggested that 
colon cancer in man is brought about as a result 
of this polysaccharide fermentation by Bacteroides 
species. 
The Bacteroides group of obligate anaerobes became a 
•• subject of interest when these organisms were identi-
fied as the causative agents in nearly all the post-
operative infections and abscesses following abdominal 
surgery (Finegold, 1970; Felner & Dowell, 1971; 
Martin, 1971). The clinical treatment of Bacteroides 
infections is often very difficult because of their 
unusual resistance to a diversity of antibiotics, 
•• particularly aminoglycosides and beta-lactam drugs . 
These opportunistic pathogens are indigenous to the 
intestines of humans and other an.imals, and the 
emergence of an increasing number of antibiotic 
resistant bacteria isolated from clinical infections 
led to the speculation that Bacteroides strains act 
• as reservoirs for antibiotic resistance factors in 
the gut. This speculation and the possibility that 
these antibiotic determinants may be situated on 
transferrable plasmids stimulated a study of these 
• 
•• 7 
genetic elements in Bacteroides strains. 
At first, experimental results indicated that not 
only did Bacteroides strains harbour to transferrable 
plasmids, but that anaerobic conditions inhibited 
transfer of R plasmids (Fisher, 1957). Recently, 
however, reports contradicting both these statements 
have been published. Several Bacteroides strains were 
found to harbour plasmids (Stiffler et al, 1974; 
Guiney & Davis, 1975; Tinnell & Macrina, 1976) and 
especially B.fragilis was shown to contain several 
resident plasmids (Stiffler et al, 1974; Tinnell & 
Macrinat 1976). The correlation of molecular size 
and plasmid copy number found in Bacteroides strains 
was reminiscent of a variety of other plasmid systems 
seen in both Gram-negative and Gram-positive bacteria, 
but attempts to link the presence of plasmids to 
•• phenotypes such as drug resistance, bacteriocin 
production and virulence (Anderson & Sykes, 1973; 
Guiney & Davis, 1975) were not always successful. 
Both Stallions & Curtiss (1972) and Moodie & Woods 
(1973) reported that anaerobic conditions did not 
• necessarily inhibit plasmid transfer and showed that 
high frequency chromosome transfer and R plasmid 
transfer is possible in Escherichia coli under 
anaerobic conditions. Furthermore the successful 
• 
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transfer of R plasmids from E.coli to BactePoides 
strains (Burt & Woods, 1976), from B.fPagilis to 
E'. coli (Mancini & Behme, 1977; Guiney & Davis, 1978; 
Welch et al, 1979; Rashtchian & Booth, 1981) and 
between BactePoides species (Privitera et al, 1979a; 
Tally et al, 1979) have also been reported. 
Transfer of these R plasmids between BactePoides 
strains requires cell-to-cell contact and occurs 
via a conjugation mechanism. Recently a novel feature 
regarding the conjugative transfer of antibiotic 
resistance in B.fPagilis has been identified. Tally 
et al (1981) found that an increased transfer of R 
plasmid can be induced by pretreating the donor 
bacterium with antibiotics. They studied the transfer 
of the self-transmissible clindamycin resistance 
plasmid pBFTM 10 to the tetracycline-sensitive B. 
•• fPagilis TMP 10 strain. Pretreating a tetracycline-
resistant pBFTM 10 donor strain with clindamycin and 
tetracycline resulted in a 100- and a 1000-fold 
increase, respectively, of clindamycin and tetracycline 
resistance. Tetracycline resistance and clindamycin 
resistance were not linked and segregated.independently 
• in matings (Smith et al, 1982), suggesting that a 
complex relationship exists between the clindamycin 
transfer plasmid and the tetracycline resistance 







Privitera et aZ (1979b) found that the transfer of 
tetracycline resistance between Bacteroides species 
is also induced by growing the donor in tetracycline 
before mating, suggesting that tetraqycline resistance 
is borne on a transferrable plasmid whose conjugative 
transfer requires activation of the antibiotic resis-
tance genes and that both expression and conjugative 
ability involve a common regulatory system. 
Present evidence, however, suggests a chromosomal 
location for the tetracycline resistance gene and 
recent reports on the transfer of tetracycline 
resistance revealed another novel feature of the 
conjugative transfer of antibiotic resistance in 
B.fragiZis. Several investigators demonstrated the 
non-plasmid transfer of tetracycline resistance in 
these organisms (Mays et aZ, 1981; Tally et aZ, 1981; 
Mays et aZ, 1982; Rashtchian et aZ, 1982; Smith et aZ, 
1982), which requires cell-to-cell contact and is 
inducible by and dependent on the presence of sub-
inhibitory concentrations of tetracycline. No 
naked DNA or phage or phage-like particles are 
involved and the self-transmissible system is 
"transposon-like" in nature. Similar systems are 
suspected to operate in Streptococcus faecaZis 
(Franke & Clewell, 1981) and Clostridium difficiZe 
(Smith et aZ, 1981) and can be described as conju-
9 
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gative transposons. These conjugative transposons 
are small, coding only for a few genes, and are of 
obvious medical importance, judging from the high 
incidence of tetracycline resistance amongst clinical 
isolates (Rashtchian et aZ, 1982). The discovery of 
this inducible conjugative antibiotic resistance 
transposon system in B.fragiZis emphasizes the dangers 
of prolonged and injudicious subtherapeutic and thera-
peutic use of aptibiotics and the impact it can have 
on the spread of antibiotic resistance in anaerobic 
bacteria. 
Although transposon-like site-specific recombination 
has been shown to occur in B.fragiZis, no homologous 
recombination system has as yet been demonstrated in 
this organism. Attempts to transform this organism 
by chromosomal and plasmid DNA or to isolate a 
•• prophage which integrates into the bacterium's 
chromosome, have been unsuccessful, and although 
several auxotrophic B.fragiZis mutants containing 
stable chromosomal markers (Van Tassell & Wilkins, 
1978) are available, no chromosomal mapping tech-
nique has been reported to date. This suggests that 
the process of genetic recombination in anaerobes is 
not similar to that reported for E.coZi, which tends 
to be accepted as typical for bacteria in general • 
• 
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In E. co Z.i the pleiotropic recA + protein is respon-
sible for homologous recombination processes. This 
important protein is inducible to high levels by DNA 
damaging agents and much of the current information 
indicates that several common enzymatic steps and 
pathways are involved in the process of general 
genetic recombination and in DNA repair. A study of 
induced DNA repair processes in anaerobes may thus 
be informative for optimizing recombination processes 
in these organisms if they, were found to be present . 
• 
Studies with E.coZ.i have provided all the initial 
insight into the molecular basis of DNA repair, 
especially in response to UV-induced damage: a brief 
overview of the E.coZ.i repair systems is thus given 
as an introduction to the topic of DNA repair 
processes . 
•• 
The major lesions induced by far-UV light in E.coZ.i 
cells are intrastrand pyrimidine dimers (Beukers & 
Berends, 1961; Ben-Hur & Ben-Ishai, 1968). These 
dimers can act as blocks to normal DNA replication 
by inhibiting normal base pairing opposite dimer 
• sites. Two distinct recovery schemes are operating 
in E.coZ.i (Hanawalt et aZ., 1981), but the same bio-
logical end point (i.e. survival) results from 







the enzymatic removal of the damage from the 
DNA (i.e. repair), whereas the other repair scheme 
facilitates tolerance of the persisting damage in the 
genome by additional rounds of chromosome replication 
(Hanawalt et a""~ 197 9) . 
The repair of pyrimidine dimer lesions occurs either 
by photoreactivation or by excision repair pathways. 
(a) Photoreactivation 
Photoreactivation brings about the direct reversal 
of pyrimidine dimer damage. A single cellular enzyme 
specifically binds to cyclobutyl pyrimidine dimers to 
generate a new enzyme-DNA chromophore (Harm, 1975; 
Rupert, 1975). This complex can form in the absence 
of light, but activation of the complex to catalyze 
the cleavage of the joined bases to monomerize 
pyrimidines requires the absorption of visible light 
of wavelength 320 to 410 nm (Rupert, 1975). This 
mechanism does not break any phosphodiester bonds 
and is error-free . 
(b) Excision repair 
12 
Although the principle of excision repair is relatively 







involved in excision repair is more complicated 
and no single mutation abolishes the entire excision 
repair process (Hanawalt et al~ 1979). Base excision 
repair in E.coli is a sequential process initiated by 
a very specific N-glycosylase enzyme which recognizes 
a particular altered or incorrect (non-conventional) 
base, and cleaves this base from its sugar to generate 
an apurinic or apyrimidinic (AP) site (Friedberg et al~ 
1978 and 1981). The AP site may then be recognized 
by a specific AP endonuclease which cleaves the 
phosphodiester bond and excises the base-free sugar 
residue (Mosbaugh & Linn, 1980). This lesion is 
repaired through direct replacement of the missing 
base by an "insertase" mechanism (Hanawalt et al~ 
1981) . 
The nucleotide excision repair of pyrimidine dimer 
lesions requires at least four different enzyme 
actions. The repair sequence is initiated by the 
enzymatic recognition of the damage. A specific 
endonuclease then cuts the damaged DNA adjacent to 
the dimer (incision), followed by the removal of the 
region containing the dimer by an exonuclease (excision) . 
Excision is followed by resynthesis, during which a 
polymerase enzyme reconstitutes the deleted stretch, 
using the opposite intact complementary strand as a 






requirement explains why excision repair is only 
possible in duplex regions of the DNA. Excision and 
resynthesis are closely coupled processes and Hanawalt 
et aZ (1981} proposed that concurrent polymerization 
may drive the excision step. Completion of excision 
repair requires the sealing of phosphodiester bonds 
by a polynucleotide to restore strand continuity 
(Hanawalt et aZ 1979}. 
+ Seeberg (1981} speculated that the ATP-dependent uvrA 
protein is responsible for the initial recognition of 
the damage by identifying major regions of distortion 
of the DNA helix and binding to them. The complex 
+ + formed by the uvrB and uvrC proteins binds to the 
uvrA+ protein-DNA complex and this complex then 
facilitates excision of the dimers. The uvrC+ protein 
14 
apparently also interacts with the polynucleotide ligase 
system to prevent abortive sealing of incision breaks 
(Seeberg & Rupp, 1975}. 
The repair synthesis following the incision/excision 
step can occur via three major pathways which are linked 
to the somewhat different substrate requirements of the 
three polymerases involved in the resynthesis step of 
excision repair. Polymerase I can bind to nicked DNA, 
but polymerases II and III require the expansion of 





bind to the damaged DNA and initiate polymerization 
(Hanawalt et al, 1981). 
The one major excision repair pathway produces only 
short patches of repair synthesis (about 20 nucleotides 
long) and accordingly has been termed the short patch 
repair pathway (Cooper & Hanawalt, 1972a) • This pathway 
requires a functional polymerase I enzyme (polA gene 
product), is independent of nutrients and is constitu-
tively expressed (Cooper & Hunt, 1978). Short patch 
repair is error-free and is presumably responsible for 
most of the excision repair in E.coli (Youngs et al, 
1974; Hanawalt et al, 1979), including LHR and HCR. 
The second type of excision repair results in somewhat 
larger average patch sizes, is constitutive and is 
performed by either polymerase II or polymerase III 
(Hanawalt et al, 1981). The larger patch sizes may be 
connected with the intrinsic DNA binding requirements 
of these two polymerases, and this type of repair was 
found to be dependent on functional recB and recC 
gene products (Smith, 1978a). Youngs et al (1974) 
reported that polymerase III is capable of repairing 
about 25% of the lesions in the absence of a functional 
polymerase I enzyme. Evidence suggests that the E.coli 
uvrD gene product is involved in the regulation of 






The third kind of excision repair is called long-patch 
repair and produces patches of resynthesis of several 
hundred nucleotides long (Hanawalt et al, 1981). This 
repair is inducible and growth-medium-dependent; post-
irradiation treatment of the cells with chloramphenicol 
irreversibly inhibits long-patch excision repair (Youngs 
et al, 1974; Cooper, 1981). It requires functional recA 
and lexA gene products in addition to uvr+ proteins (Cooper 
& Hanawalt, 1972b; Youngs & Smith, 1973; Hanawalt et al, 
1981). The protein synthesis required for long-patch 
repair presumably involves the enhanced production of 
+ + the uvrA and uvrB protein, which were recently shown 
to be inducible by DNA damage (Fogliano & Schendel, 1981; 
Kenyon & Walker, 1981). Mutations in the recB and recC 
genes do not affect this type of excision repair and no 
one of the three polymerases appears to be essential for 
inducible long-patch repair. Polymerase II and/or 
polymerase III usually facilitates the repair of longer 
patches, but inducible long-patch repair can still occur 
in a polE pole mutant, indicating that polymerase I may 
be capable of long-patch repair under inducing conditions 
(Hanawalt et al, 1981). 
The inducible long-patch repair system only operates 
on a defined minor class of damaged lesions, but the 
ability to perform inducible long-patch repair is 






to be an important component of the Weigle reactivation 
system (Cooper, 1981). The remaining component of Weigle 
reactivation in a umuC mutant is abolished by a uvrA 
mutation (Walker & Dobson, 1979; Sancar et al, 1982). 
It is proposed that this type of repair is required . 
where DNA damage includes many dimers in close proximity 
to each other and the increased patch size may thus 
reflect the extensive excision and resynthesis required 
to repair such bulky lesions. 
Although the polymerase !-dependent short patch repair 
is error-free, a considerable amount of UV-induced 
mutations have been attributed to longer-patch excision 
repair (Hanawalt et al, 1979). The results of Bridges 
& Mottershead (1978) indicated that mutagenic excision 
repair is constitutively expressed and involves polymer-
ase III-dependent excision repair. A certain amount of 
error-free inducible long-patch excision repair has 
also been observed (Cooper, 1981), which includes the 
error-free Weigle reactivation reported by Rothman et al 
(1979). 
(c) Postreplication repair 
In E.coli a repair system that allows the organism to 
tolerate persisting damage, is induced by the damage 




allows the bypassing of dimer sites during replication, 
with a high probability of error (Castellazzi et al, 1980), 
and is also responsible for the filling of gaps left in 
daughter strands opposite dimers when replication proceeds 
past a dimer lesion in the parental strand. Both bypass 
and gapfilling processes promote recovery although they 
do not remove the DNA damage. A number of gene products 
have been shown to be involved in the two components of 
''postreplication repair" and include recA+, lexA+, recB+, 
recC+, uvrD+, polA+ and polC+ proteins (Smith, 1978a). 
Gapfilling occurs via parent-daughter strand exchanges 
with intact homologous DNA from the isopolar parental 
strand (Hanawalt et al, 1979). The recA+ protein 
participates directly in this process and the induced 
synthesis of recA+ protein consequently leads to enhanced 
postreplication repair (Witkin, 1976). The daughter-
strand gap repair is often referred to as recombinational 
repair because of its dependence on the participation of 
recA+ protein, which is known to be responsible for 
general genetic recombination processes in E.coli cells; 
a recA mutation completely inhibits postreplication gap-
filling (Smith & Meun, 1970). During this postreplication 
recombination process the pyrimidine dimers are randomly 
transferred to the daughter strands as gaps are repaired 
(Ganesan, 1974), and the dimers eventually become equally 





an excision-deficient mutant several rounds of repli-
cation are required to gradually dilute out the dimers 
sufficiently to yield a dimer-free DNA copy. 
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Error-prone replication past dimers requires the action 
of either the polymerase I or the polymerase III enzymes: 
polA and pole single mutants can efficiently carry out 
postreplication repair, but this type of repair is absent 
.. in a polA pole double mutant (Sedgwick & Bridges, 1974i 
Tait et al~ 1974). This transdimer synthesis is proposed 
to require the inactivation of the 3' + 5' editing exo-
nuclease activity associated with bacterial polymerases 
by an inducible protein as part of the SOS response 
(Clark & Volkert, 1978). Bridges (1978) studied th~ 
involvement of the polymerase III enzyme in this muta-
genic transdimer DNA synthesis. The polymerase III-
dependent transdimer synthesis appears to be involved 
in the repair of only a few daughter-strand gaps and 
this fraction may be too small to detect biochemically 
under normal postreplication conditions; it is, however, 
large enough to account for the mutagenesis associated 
with postreplication repair (Hanawalt et al, 1979). 
Daughter-strand gap-filling by sister strand exchange 
is not involved in the mutagenesis, since the induced 
mutagenesis is observed in a uvr recB reeF mutant which 
is deficient in all the recombination pathways (Kato 




Evidence is accumulating, however, that the DNA repair 
knowledge gained with the model bacterium, E.coli, is 
not necessarily of general validity and our results 
with the anaerobe B.fragilis also reflects this. We 
considered a study of DNA repair mechanisms in B. 
fragilis as an appropriate way of approaching genetic 
studies (for the establishment of a genetic system) in 
this organism. The effect of far-UV irradiation on 
bacterial DNA has been the most extensively studied 
and this damaging agent was thus the obvious choice 
for DNA repair studies in B.fragilis. Our research was 
initiated by a study of the physiological responses of 
B.fragilis to DNA damage and the work reported on here 
was done in our laboratory by Jones et al (1980), Jones 
& Woods (1981}, Slade et al (1981), and Slade et al 
(1983a and 1983b}. 
The effect of far-UV irradiation (254 nm} on B.fragilis 
was found to be interesting as the bacterium is more 
sensitive to far-UV radiation under aerobic conditions 
th~n under anaerobic conditions. In all other bacteria 
studied so far the inactivation by far-UV light has 
been repeatedly shown to be independent of the presence 
of oxygen (Zetterberg, 1964; Webb & Lorenz, 1970; Webb, 
1977). The presence of oxygen resulted in a decrease 
in the shoulder regions of the UV survival curves, but 







curves; this suggested that the increase in sensitivity 
under aerobic conditions was not due to an increase in 
photochemical DNA damage, but was due to a difference 
in the efficiency of repair processes under anaerobic 
and aerobic conditions. Support for this came from the 
finding that the number of pyrimidine produced by UV 
irradiation under anaerobic and aerobic conditions 
were very similar. 
The increased UV sensitivity of E.coli B and E.coli K12 
lon mutants is due to the inducible process of filament 
formation in the majority of the cells after exposure 
of the cells to even small UV doses (Witken, 1967 and 
1976). In B.fragilis filament production was dose-
dependent and the B.fragilis filaments differed from 
E.coli filaments in that they always contained a certain 
number of septa. This difference in filament formation 
between E.coli strains and B.fragilis and the shape of 
the survival curve obtained with B.fragilis cells, 
suggests that the differences in the ·survival of irrad-
iated B.fragilis cells under different conditions are 
not directly related to filament formation • 
Since cellular metabolism and photochemical oxidation 
in the environment generate a variety of derivatives of 
oxygen, investigations were carried out to determine 
whether the increase in UV sensitivity of B.fragilis 
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cells under aerobic conditions was due to oxygen 
itself or to a derivative of oxygen. It was found that 
the sensitization is a specific effect of molecular oxygen 
and that treatment of the cells with hydrogen peroxide 
prior to irradiation actually increased the survival of 
irradiated cells. It was also concluded that B.fragiZis 
cells are more sensitive to far-UV irradiation under 
aerobic conditions rather than being more sensitive to 
oxygen after UV irradiation. 
The survival level of irradiated B.fragiZis cells under 
aerobic conditions was midway between those obtained for 
the repair-competent and repair-deficient (uvrA-) strains 
of E.coZi. There was a marked decrease in survival when 
B.fragiZis cells were plated onto caffeine plates after 
irradiation under both anaerobic and aerobic conditions. 
Caffeine inhibits excision repair processes in E.coZi 
(Rupert & Harm, 1966; Setlow, 1967; Swenson, 1976; Fong 
& Bockrath, 1979; Rothman, 1980) and although it is not 
known whether the mechanisms of action of caffeine in 
B.fragiZis are similar to those reported for E.coZi, 
the results of the caffeine experiments suggested that 
excision repair processes might function under both 
anaerobic and aerobic conditions. The decreased survival 
of UV-irradiated cells under aerobic conditions is 






No photoreactivation was observed in UV-irradiated 
B.fragilis cells, irrespective of whether the cells 
were irradiated under anaerobic or aerobic conditions. 
Photoreactivation was also found to be absent in a 
number of other bacteria (Rupert, 1975) and in E.coli 
anaerobic conditions repressed this type of repair of 
UV damage (Tyrrell, 1973). 
Liquid holding recovery (LHR) of buffer-held UV-
irradiated B.fragilis cells was observed only under 
aerobic conditions: anaerobic conditions totally inhibited 
this recovery. This was also a molecular oxygen-specific 
phenomenon, since hydrogen peroxide treatment of irradia-
ted cells under anaerobic conditions did not enhance LHR. 
LHR was nutrient-independent, but temperature-dependent 
and the rate and amount of recovery was optimal at 37°C. 
In E.coli LHR is dependent on functional uvr (Ganesan & 
Smith, 1969; Aragao et al~ 1980) and polA (Tang & Patrick, 
1977b) gene products, and is only observed in E.coli K12 
recA mutants and E. coli B cells (Smith, 1978a). Caffeine 
and acriflavine completely inhibited LHR in both E.coli 
(Swenson, 1976) and B.fragilis cells, suggesting that 
LHR in B.fragilis may be due to a similar palA-dependent 
excision repair process as in E. coli. 
Since the repair of irradiated phages which do not 




on the repair capabilities of the host bacterium 
{Bernstein, 1981) the repair of far-UV-irradiated 
phage b-1 after infection of B. fragi Zis cells was 
studied in an attempt to elucidate repatr processes 
in this anaerobe. In E.coZi host cell reactivation 
of irradiated phage lambda is entirely dependent on 
the constitutive excision repair processes of the host 
{Bernstein, 1981). Weigle-like reactivation of uv-
irradiated phage b-1 was demonstrated in B.fragiZis 
under anaerobic conditions. In addition to this, two 
other interesting phage reactivation systems have been 
shown to operate in B.fragiZis cells. A study of the 
survival or irradiated phage b-1 in B.fragiZis cells 
revealed an increased recovery of the irradiated phage 
if it was plated on exponential phase cells which had 
been exposed to air for at least 15 to 20 minutes. 
This phage reactivation was not inducible in stationery 
phase cells. Adsorption of the phage b-1 did not play 
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a role in the oxygen-induced phage reactivation, and 
neither did the irradiation of the phage under anaerobic 
and aerobic conditions affect the survival levels 
obtained. The addition of chloramphenicol or caffeine 
before exposing the cells to air totally inhibited the 
induction of the oxygen-inducible phage reactivation 
system. 
Hydrogen peroxide also induced a phage reactivation 
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system in B.fragilis, but it differed from the oxygen-
induced system. The induction of phage reactivation by 
hydrogen peroxide was immediate and removal of hydrogen 
peroxide by washing only caused a slight decrease in 
the induced survival level of the irradiated phage over 
90 minutes. The biological half-life of the oxygen-
induced phage reactivation system was only 15 minutes. 
The addition of chloramphenicol and caffeine before 
exposing the B.fragilis cells to hydrogen peroxide 
reduced the level of the induced phage reactivation, 
• but never totally inhibited it. Furthermore, the 
hydrogen peroxide-induced phage reactivation system 
was not affected by the growth phase and the level was 
consistently higher than that obtained with oxygen. 
Although the responses of B.fragilis to DNA damage are 
relatively well-defined on a physiological level, no 
studies have as yet been reported on the effect of 
oxygen, oxygen derivatives and far-UV irradiation on 
DNA, RNA and protein synthesis in B.fragilis, or on 
the induction of proteins by these DNA damaging agents. 
Such molecular studies may allow a more meaningful 
evaluation of certain of the observations for which 
we have no ready explanation as yet. Investigations 
on DNA repair systems in B.fragilis are at present 
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hampered by our inability to isolate UV-sensitive or 
resistant mutants in spite of an extensive screening 
program. Our studies thus relate in many aspects to 
similar studies done in E.coli in the SO's and 60's 
when the study of UV repair processes was initiated 
in this organism. The basic studies on B.fragilis 
reported in this thesis nevertheless provide a starting 
point for future work on UV repair and recombination in 
this important anaerobe, as well as characterizing the 








EFFECT OF UV IRRADIATION ON MACROMOLECULAR 
SYNTHESIS AND VIABILITY IN BACTEROIDES FRAGILIS 
2.1 INTRODUCTION 
The continued proliferation of living organisms and 
concomitant maintenance of their inherent genetic 
identity from one generation to the next, depend on 
the stable and precise replication of their DNA. DNA, 
however, is the primary target for far-UV irradiation 
(254 nm), with induced intrastrand 5,6-cyclobutyl-
dipyrimidines, commonly called pyrimidine dimers 
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(Smith, 1978b), recognized to be the most important 
biological lesions following this type of radiation 
(Setlow & Carrier, 1966; Ben-Hur & Ben-Ishai, 1968). 
These lesions structurally distort the DNA double helix 
and thus tend to interfere with the normal synthesis 
of DNA and RNA, and consequently, with normal protein 
synthesis. Living cells, however, possess the important 
capability of repairing their damaged DNA: limited 
degradation of the damage-containing DNA is followed 
by local repair synthesis in which the double helix is 
reconstructed at each repair site; alternatively, 
replication can proceed past dimer sites with an 
expected high frequency of error. 
The effect of UV irradiation on the kinetics of 
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incorporation of radioactive precursors into DNA, 
RNA and protein during the period after irradiation 
when extensive DNA repair is thought to occur, can 
reveal much about the nature of the functional 
repair systems in organisms. This knowledge is 
supplemented by a study of the effect of specific 
repair protein inhibitors on DNA replication in 
irradiated cells. Studies with mutants of the aerobe 
E.coZi have provided most of the initial insight into 
macromolecular synthesis and the molecular basis of 
• repair processes in irradiated organisms. Although 
several UV-induced repair phenomena have been reported 
for anaerobes (Jones & Woods, 1981; Slade et al, 1983b), 
there appears to be no information available on the 
effect of far-UV radiation on macromolecular synthesis 
and viability in anaerobes. 
2.1.1 Degradation of DNA 
Partial or limited degradation of irradiated DNA is an 
essential part of the DNA repair process in E.coZi cells: 
excessive DNA degradation or loss of DNA breakdown is 
usually associated with the loss of normal repair capa-
• bilities (Howard~Flanders & Boyce, 1966) • This degrada-
tion results from processes such as the excision of 
damage-containing DNA regions and gap expansion for the 





repair-competent E. coLi B/r and Kl2. cells results in 
about a 10% loss of acid-insoluble material from the 
DNA of these organisms (Boyce & Howard-Flanders, 1964; 
Setlow & Carrier, 1964). 
E.col,i cells utilize at least three enzymes for excision 
of damaged regions from irradiated DNA. The ATP-
dependent recBC-coded 5'-+3' exonuclease V (Oishi, 1969; 
Goldmark & Linn, 1970; Lieberman & Oishi, 1974) asso-
ciated with polymerase I (Lehman & Chien, 1973) is 
responsible for most of the degradation induced by UV 
and X-irradiation in E.col,i cells (Emmerson, 1968; 
Kato & Kondo, 1969; Youngs & Bernstein, 1973). However, 
over 10% of the irradiated DNA is still degraded even 
+ in strains that lack the recBC enzyme (Youngs & 
Bernstein, 1973): degradation in poZA recB mutants 
(Strike & Emmerson, 1974) may be attributed to either 
the 5'-+3' exonuclease activity associated with poly-
merase III (Livingston & Richardson, 1975} or the 
~ingle-strand specific exonuclease VII (Chase & 
Richardson, 1974; Hanawalt et al,, 1979}. Two of 
the excision enzymes in E.col,i are associated with 
polymerase activity and suggests that the excision and 
resynthesis steps occur simultaneously, possibly by a 
type of "nick translation" mechanism (Hall & Mount, 1981) • 




of the reaBC DNase is the detection of unusual DNA 
structures, such as pyrimidine dimers, single-strand 
breaks in the chromosome or immobilized replication 
forks, and the subsequent degradation of the damaged 
DNA to generate "signals" for the induction of high 
levels of SOS components (Gudas & Pardee, 1975; Little 
& Hanawalt, 1977) • In support of this suggestion it 
was found that the requirements for the induction of 
SOS events in E.aoli include the degradation of irra-
diated DNA (Oishi et al~ 1981). 
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Howard-Flanders & Boyce (1966) suggested that breakdown 
is initiated at single-strand cuts in the DNA (presum-
ably made by excision repair enzymes) . This fits with 
the finding that the type of DNA damage affects the 
timing of degradation of damaged DNA (Oishi et al~ 1981): 
agents which create strand breaks, such as bleomycin 
and streptonigrin, cause immediate DNA degradation, 
while UV irradiation, which only modifies DNA bases 
(pyrimidime dimer formation), causes relatively slower 
degradation of DNA after a short lag period of about 
20 minutes (Oishi et al~ 1981) • 
The "reckless" and rapid degradation of irradiated DNA 
in E.aoli reaA mutants (Clark et al~ 1966; Howard-
Flanders & Boyce, 1966; Howard-Flanders & Theriot, 1966; 
Clark, 1973) reflects the action of an uncontrolled 
-· 
nuclease. Experimental evidence suggests that the 
binding of the induced recA+ protein to single-strand 
regions in the DNA protects irradiated DNA from exces-
sive degradation by the recBC+ DNase (Marsden et aZ
3 
1974; Gudas & Pardee, 1975; Williams et aZ 3 1981). 
Other mutants that also degrade their DNA excessively 
after UV irradiation include the ZexA mutant (Howard-
Flanders & Boyce, 1966), uvrD mutant (Ogawa et aZ 3 1968) 
poZAl mutant (Boyle & Setlow, 1970) and resAl mutant 
(also deficient in polymerase 1) (Kato & Kondo, 1970). 
There is no relationship between DNA degradation and 
survival of UV-irradiated cells, and the multiple 
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mutant recA recB recC has about the same radiosensitivity 
as the recA single mutant, although the degradation in 
the former is greatly reduced (Willetts & Clark, 1969). 
2.1.2 DNA synthesis in UV-irradiated cells 
One of the first effects of the formation of UV 
photoproducts in far-UV-irradiated E.coZi cells, is 
the immediate and complete inhibition of DNA synthesis 
(Kelner, 1953; Hanawalt & Setlow, 1960; Setlow et aZ 3 
1963) at the site of the replication point (Billen, 
1969; Bridges, 1972). Swenson & Set1ow (1964) reported 
that this inhibition is permanent in radiation-
sensitive E.coZi strains which are unable to excise 




capacity for dimer excision and repair of the DNA, 
the duration of DNA inhibition is dose-dependent 
(Doudney, 1965; Rupp & Howard-Flanders, 1968; Smith, 
1969), though it never exceeds 45 minutes, which is 
approximately equal to one division time in irradiated 
E.coZi cells (Doudney, 1965). 
It was once thought that pyrimidine dimers act as 
terminating lesions for semiconservative DNA replica-
tion, causing inhibition of DNA synthesis, and that 
the resumption of synthesis only occurs after dimers 
h~d beeh removed by excision repair processes (Setlow 
& Carrier, 1964; Swenson & Setlow, 1966). This belief 
was strengthened by the fact that photoreactivation 
could relieve the inhibition (Kelner, 1953; Setlow 
et aZ, 1963; Doudney, 1966) and the duration of 
inhibition was shorter in an excision-proficient than 
in an excision-deficient E.coZi strain (Swenson & Setlow, 
1966} • Work done with excision-deficient mutants 
(Rupp & Howard-Flanders, 1968), however, showed 
that dimers are not absolute blocks for DNA replica-
tion (Smith, 1969) • DNA synthesis can reinitiate 
downstream from the UV lesion and continues up to the 
next dimer where the process is repeated and carried 
out right through the whole irradiated genome. This 
leaves single-strand gaps (Moore et aZ, 1981) of 






synthesized DNA opposite the pyrimidine dimers in 
the parental strand (Iyers & Rupp, 1971) (extending 
from the pyrimidine dimer site to the site of 
reinitiation of replication). 
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The gaps produced by the replicative bypassing of dimer 
sites are filled by a reeA +._-dependent recombination 
mechanism in which homologous DNA from the sister 
chromosome is inserted into the gap (Bridges, 1972; 
Hall & Mount, 1981), transferring some of the dimers 
to daughter strands .in the process (Rupp et aZ, 
1971; Ganesan, 1974). ReeA cells synthesize short 
pieces of DNA, but fail to elongate them during 
subsequent incubation (Smith & Meun, 1970). 
The inhibition of DNA synthesis in E.eoZi cells only 
occurs at higher UV fluences: this cessation of 
replication allows the excision repair processes to 
remove the more bulky type of DNA lesions resulting 
from high UV influence (Radman et aZ, 1970) without 
the concomitant interference of DNA replication and 
postreplication recombinational repair. At low 
fluences or other conditions where DNA replication is 
not inhibited, continued DNA replication and post-
replication repair interfere in the excision of dimers 
in that bypassing of dimer sites leaves gaps in the 





the excision repair system thus prevents the excision 
of dimers from the separated parental strands. One 
genetic exchange takes place for every one or two 
dimers present in irradiated DNA (Rupp et aZ, 1971) 
and this exchange may continue for as long as dimers 
persist in cells. In E.coZi uvr- cells the pyrimidine 
dimers are never removed from acid-precipitable DNA 
{Howard-Flanders et aZ, 1966; Boyle & Setlow, 1970; 
Shlaes et aZ, 1974) and a dimer-free DNA copy of this 
mutant is only produced by the simple dilution of 
dimers amongst successive generations of DNA molecules 
synthesized after irradiation (Ganesan, 1974). 
An interesting finding is that DNA synthesis is 
dependent on a functional recA gene product {Trgovcevi6 
et aZ, 1980) and Trgovcevic et aZ (1980) suggested 
that the inhibition of DNA synthesis after DNA damage 
may be the first step in the sequential expression 
of the SOS event in E.coZi. No immediate inhibition 
of DNA synthesis is observed in arecA recB E.coZi 
mutant strain and the mutant carries on synthesizing 
DNA after irradiation at the same rate as in the 
unirradiated control for a dose-dependent time before 
synthesis is permanently inhibited (Trgovcevic et aZ, 
1980) • 





excision of dimers requires normal semiconservative DNA 
synthesis and DNA replication resumes after a fluence-
dependent lag at a rate which, below a certain 
"critical" dose, is equal to or slightly higher than 
that of the unirradiated control (Setlow et al, 1963; 
Doudney, 1965; Trgovcevic et al, 1980). At higher 
fluences the rate of DNA synthes.is is not restored to 
normal values and becomes progressively lower with 
increasing UV doses (Doudney, 1965; Trgovcevic et al, 
1980). Smith (1969) found that DNA synthesis in E.coli 
B/r irradiated up to about 16% survival resumes at 
essentially a normal unirradiated rate for about 60 
minutes and then changes to a new rate that· is pro-
portional to the dose of UV radiation. 
The reinitiation of semiconservative sequential DNA 
replication after UV irradiation occurs preferentially 
at the chromosome origin (Billin, 1969) and this 
"reinitiation recovery" requires de novo protein 
synthesis for a certain critical period after UV 
irradiation (Doudney, 1959; Drakulic & Errera, 1959; 
Bridges, 1972; Lark & Lark, 1978). Chloramphenicol and 
acriflavine added immediately after and rifampicin 
added within 13 minutes after UV irradiation prevent 
the resumption of DNA synthesis and decrease the 
fraction of surviving cells (Harold & Ziporin, 1958; 







1965; Doudney et al~ 1966; Doudney, 1973). Swenson 
& Setlow (1966), however, claimed that DNA synthesis 
in irradiated E:. ao li B/r cells resumed at ·the same time 
with or without chloramphenicol. 
The DNA replication which resumes in E.coli cells 
after protein synthesis has been allowed for 40 
minutes following UV irradiation (Kogoma et al~ 1979) 
has an unique feature in that it can continue for 
several hours in the absence of further protein 
synthesis (Kogoma & Lark, 1970 and 1975; Lark & Lark, 
1978). Normal DNA synthesis in unirradiated cells 
requires de novo protein synthesis for reinitiation of 
every new replication cycle (Maal¢e & Hanawalt, 1961; 
Lark & Renger, 1969; Lark, 1972). Thymine and amino 
acid starvation prior to UV irradiation can elicit the 
same stable DNA replication response if protein 
synthesis is allowed between starvation and irradiation 
Sedliakova & Slezarikova, 1977; Brozmanova & 
Sedliakova, 1980). The initiation of this abnormal 
stable DNA replication depends on a functional 
protein (Kogoma & Connaughton, 1978) and it is 
suggested.that this form of DNA replication is part of 
+ + 
the recA ZexA -regulated SOS response (Brozmanova & 
Sedliakova, 1980; Hall & Mount, 1981). It is proposed 
that the functional recA+ protein cleaves and 
inactivates a special termination protein (dnaT gene 
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product) (Lark & Lark, 1978). New replication complexes 
without termination factors are then assembled which 
promote initiation at chromosome origins and do not 
terminate replication at the end of the cycle. Chloram-
phenicol added after the resumption of the stable DNA 
replication has taken place, has no effect on DNA 
synthesis in irradiated cells (Lark & Lark, 1978), 
although chloramphenicol added to unirradiated cells 
causes DNA synthesis to cease within 60 minutes 
(Doudney, 1965; Lark & Lark, 1978) • 
• 
2 .1. 3 RNA and protein synthesis in UV irradiated bacteria 
RNA and protein synthesis in E.eoli is much less 
sensitive to UV irradiation than DNA synthesis (Kelner, 
1953) and may continue with linear kinetics during 
the period of DNA synthesis inhibition following UV 
irradiation (Hanawalt & Setlow, 1960; Swenson & 
Setlow, 1966). Similar differences in UV sensitivity 
have been observed with irradiated phages where large 
doses of UV irradiation inhibit the synthesis of 
T phage DNA, but the rate of the appearance of even 
phage specific enzymes is not affected (Flaks et al, 
• 1959; Dirksen et al, 1960; Delihas, 1961). Although 
pyrimidine dimers act as transcription-terminating 
lesions for RNA synthesis, the dimers in UV-irradiated 




synthesis to occur between the lesions. This intra-
dimer RNA synthesis accounts for the increase in 
production of shorter-than-normal RNA, and consequently, 
abnormally short polypeptides, observed in uv-
irradiated E.ooli cells (Brunschede & Bremer, 1969; 
Michalke & Bremer, 1969). 
38 
The synthesis of ribosomal RNA is more sensitive to 
UV irradiation than the synthesis of transfer RNA 
(Wainfan et al, 1963; Sibatani & Mizuno, 1963) and the 
differences in sensitivity may be directly linked to the 
different target sizes of the DNA templates (Kroes et al, 
1963) • The synthesis of the large 23S RNA in irradiated 
E.aoli cells is therefore affected most readily with a 
corresponding inhibition of 50S ribosome synthesis which 
lasts for the whole period during which DNA synthesis 
is blocked (Sibatani & Mizuno, 1963) • As soon as DNA 
synthesis resumes, RNA and protein synthesis increase 
proportionally (Swenson & Setlow, 1966). 
There is a slight shoulder in the fluence-effect curve 
of RNA synthesis, but protein synthesis is decreased in 
a simple exponential way with increasing UV fluences 
(Hanawalt & Setlow, 1960). Several reports state that 
enzyme synthesis is inhibited by catabolite repression 
at the transcription level after UV irradiation of 






operon indicated that pyrimidine dimers in DNA at sites 
other than the structural gene may cause repression of 
the lac operon and that this repression is only lifted 
once DNA repair is complete (Swenson, 1972). 
2.1.4 Methodology in studying macromolecular synthesis 
There appear to be a few pitfalls which should be 
avoided when DNA synthesis kinetics in UV-irradiated 
bacteria are measured. Smith & O'Leary (1968) 
emphasized the methodology of plotting the data in 
radioactive thymine- incorporation studies. They 
-1 stated that linear plots of counts minute versus 
time lead to fallacious conclusions, since the apparent 
kinetics of DNA synthesis under these conditions depend 
upon the num.ber of cells per millilitre, on the specific 
activity of the radioactive precursor and on the DNA 
content and generation time of the cells. The true 
kinetics of the DNA synthesis only depend on the DNA 
content per cell and on generation time. By plotting 
. -1 the data on semilog paper (as log counts m1n vs time), 
the apparent dependence of DNA synthesis kinetics on the 
number of cells per millilitre of culture is eliminated 
(Smith & O'Leary, 1968). Incorporated radioactivity 
becomes a direct measure of the amount of DNA present if a 
thymine auxotroph is used for radioactive thymine 




1971) • In prototropic strains the internal pool of 
nonradioactive precursors of DNA presumably competes 
with the incoming radioactive thymidine. The problem 
of the attainment of pool equilibrium of the specific 
precursor can be disregarded, even at short times after 
UV, if the cells are grown in media containing label for 
several generations before irradiation (Smith, 1969) • 
Small changes in the DNA content of cells immediately 
after UV irradiation, however, will not be observable 
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with even modest.ly prelabelled cultures (Setlow & Setlow, 
1970) and the point which an investigator wishes to 
emphasize should determine tpe method of labelling 
eventually employed. 
2.1.5 Effect of inhibitors on DNA synthesis in irradiated 
bacteria 
A study of the effect of repair protein inhibitors on 
DNA synthesis in UV-irradiated cells can contribute 
greatly towards a better understanding of the DNA repair 
systems present and functioning in a specific organism. 
Caffeine has long been known to affect repair processes 
in bacteria (Witkin, 1959). Investigators found that 
treatment of irradiated E.coli cells with sublethal 
concentrations of caffeine inhibits both LHR and HCR 
(Feiner & Hill, 1963; Sauerbier, 1964; Harm, 1966) 
• 
• 
and causes a reduction in cell survival ana uv resis-
tance (Witkin, 1959; Rothman, 1980). Caffeine is a 
purine analogue which binds to single-stranded DNA and 
to irradiated double-stranded DNA (Domon et al, 1970), 
presumably at locally denatured areas adjacent to the 
dimers (Swenson, 1976; Rothman, 1980); caffeine does 
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not bind to unirradiated, active DNA (Domon et al, 1970) • 
The bound caffeine specifically inhibits excision repair 
processes in E.coli (Rupert & Harm, 1966; Setlow, 1967; 
Setlow & Carrier, 1968; Swenson & Carrier, 1968; Swenson, 
1976; Pong & Bockrath, 1979; Rot~an, 1980) by inter-
fering with both the endonucleolytic cleavage at the 
dimer sites and the exonucleolytic digestion of the dimer-
containing strand as it is displa_ced during resynthesis 
(Roulland-D-ussoix, 1967; Harm, 1970; Rothman, 1980). 
Caffeine treatment consequently also results in a great 
reduction in the degradation of DNA observed in irradia-
ted recA E.coli cells (Shimada & Takagi, 1967; Yonei & 
Nozu, 1972) , as well as in the degradation of irradiated 
phage lambda DNA (Roulland-Dussoix, 1967). 
Several investigators agree that caffeine inh~bits the 
incision step of excision repair (Shimada & Takagi, 1967; 
Pong & Bockrath, 1979; Rothman, 1980), but Pong & Bockrath 
(1979) claimed that is has little effect on the post-
incision steps of excision repair. Rothman (1980) studied 





detail and found that caffeine does not only inhibit 
the rate at which incisions are made, but also prolongs 
the time needed to rejoin the discontinuities. He showed, 
however, that although the initial rate of incision is 
inhibited, the final number of incision breaks and the 
repair patch size in UV-irradiated E.coli cells are 
unaffected by the postirradiation addition of caffeine. 
In addition, Rothman (1980} also observed that although 
sublethal concentrations of the inhibitor do not alter 
the colony-forming ability of unirradiated organisms 
(Fong & Bockrath, 1979}, caffeine has a general 
deleterious effect on cell growth in unirradiated 
E.coli cells, as exemplified in a decrease in the 
rate of cell multiplication. 
The effects of the protein inhibitor, chloramphenicol, 
on DNA synthesis and recovery of irradiated cells are 
varied and complex (Swenson, 1976} . Chloramphenicol 
added at time zero after UV irradiation prevents the 
induced synthesis of any of the damage-inducible proteins: 
as such it inhibits reinitiation of DNA synthesis in 
irradiated cells (Harold & Ziporin, 1958; Doudney, 1959; 
Drakulic & Errera, 1959; Doudney, 1960 and 1968; Rude & 
Doudney, 1973} and leads to a decrease in survival and a 
loss in the shoulder of survival curves in wild type and 
uvr mutants of E.coZi B/r and Kl2 (Alper & Gillies, 1960; 




Youngs et aZ ( 1974) showed that chloramphenicol specifi-
cally interferes with the closing of incision breaks 
in irradiated E.coli wild type and poZAl mutants but 
that it has little effect on break closure in recA, 
recB and ZexA mutants. The inhibition by chlorampheni-
col of the induction of the recA+ protein leads to 
enhanced degradation of irradiated DNA in wild type and 
poZA- cells (Harold & Ziporin, 1958;Youngs et aZ, 1974). 
Harold & Ziporin (1958) added chloramphenicol at inter-
mediate times after UV irradiation and showed that the 
amount of protein synthesized prior to chloramphenicol 
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addition determined the rate of subsequent DNA synthesis. 
Chloramphenicol does not interfere with excision repair 
in E.coli (Swenson & Setlow, 1966; Bridges, 1972). Short 
treatments with chloramphenicol can actually enhance the 
recovery of irradiated E.coli B cells (Gillies & Alper, 
1959; Suzuki & Iwama, 1960; Drakulic et aZ~l966; Morozov 
& Myasnik, 1970) by delaying initiation of DNA replica-
ion and so allowing more time for excision repair enzymes 
to excise dimers in advance of DNA replication (Swenson, 
1976). 
2.1.6 Effect of UV irradiation on viability and respiration 
in E.coli 
When the effect of UV radiation on the growth of 






criteria it has been judged. Cell growth can include 
an increase in cell size, cell number, or both and is 
therefore not necessarily the same process as cell 
division which only leads to an increase in cell number. 
DNA synthesis is a prerequisite for cell division 
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(Swenson & Setlow, 1966), but is not sufficient to ensure 
an increase in viability. Viable cells are defined as 
cells able to form a colony on agar plates (Schenley 
et aZ, l976a) and include only cells able to successfully 
complete repair of their damaged DNA (Ganesan, 1974). If 
the colony-forming ability of irradiated bacteria is 
studied, it is therefore preferable to refer to the 
effect of UV irradiation on the viability, rather than on 
the growth, of cells. 
By monitoring the turbidity of irradiated cells in liquid 
suspension, it was observed that growth is delayed in UV-
irradiated E.aoZi cells for some time following irra-
diation (Swenson, 1976). An increase in colony-forming 
units (c.f.u.), however, continued for another 20 minutes 
in irradiated E.aoZi cells under conditions where DNA 
synthesis was inhibited in essentially all cells (Helm-
stetter & Pierucci, 1968). This slight increase in 
viability immediately after UV irradiation has been 
observed by several investigators and probably only occurs 
in cells which have completed their rounds of DNA replica-






Okagaki;l960; Smith, 1969; Swenson & Schenley, 1970b). 
Smith {1969) reported that this increase in c.f.u~ is 
rapid and continues for between 30 and 60 minutes in 
both radioresistant and radiosensitive E.coli cells. 
He thought that it may represent a unique repair mode, 
since generation times recorded for these irradiated 
cells were too long for the rapid increase to pe .due to 
growth. 
The.increase is followed by a plateau in viability, 
but a small drop in turbidity is often observed during 
this period of division delay due to the conversion 
of normal-si.zed cells to smaller ones (Swenson & 
Schenley, 1974b). This delay lasts for about three 
generation times in irradiated E.coli B/r cells during 
which time the DNA content of the cells increases 
three-fold {Smith, 1969) • Cell division resumes after 
this lag period at a rate similar to that of the 
unirradiated control (Smith, 1969; Swenson & Schenley, 
19.70b; Boyle & Swenson, 1971). 
Cell.growth is closely linked to respiration in un-
irradiated and UV- irradiated repair- proficient 
cells (Hamkalo & Swenson, 1969), except when protein 
and/or RNA synthesis are ~nhibited. Respiration in 
sublethally irradiated E .. coli cells continues at a 







irradiation and is then partially inhibited for a period 
of time dependent on the UV fluence and the growth 
conditions of the cells (Kelner, 1953; Hamkalo & Swenson, 
1969; Swenson & Schenley, 1970a and 1970b). This 
inhibition lasted for several hours in E.coli cells 
irradiated to 1,0% survival (Swenson & Schenley, 1970a). 
The partial inhibition of growth and respiration in 
irradiated E.coli cells occurs at the same time as DNA 
synthesis is resumed and Harnkalo & Schenley (1969) 
suggested that this slowing down of the metabolism may 
correct the unbalanced growth that occurred during the 
period of DNA inhibition (Barner & Cohen, 1956). The 
respiration process is under DNA control (Kelner, 1953; 
Harnkalo & Schenley, 1969) and damage to the DNA is 
proposed to cause the recA+lexA+-dependent derepression 
of an operon under repressor control in unirradiated 
cells (Swenson & Schenley, 1972; Swenson & Schenley, 
1974a) • Excess protein is then produced which causes 
respiration to cease in the lethally damaged cells 
(Swenson, 1978) • Those cells that stop respiring 
completely, do so irreversibly and are dead (Swenson 
& Schenley, 1974a; Schenley et al, 1976a). Any inter-
ference with protein and RNA synthesis during the 60 
minute period following UV radiation prevents the 
inductionof the regulator protein, and respiration and 
growth is maintained in these irradiated cells (Swenson 
& Schenley, 1970a). The increased DNA degradation which 
occurs at high UV fluences presumably results in the 
loss of DNA control over synthesis and growth processes; 
growth in these heavily irradiated cells is inhibited, 
but respiration continues (Hamkalo & Schenley, 1969; 
Swenson & Schenley, 1974a; Swenson, 1976). The 
cessation of respiration and growth coincides with 
the selective loss into the suspending medium of 
unaltered pyridine nucleotides, NAD+ and NADP+ 
(Swenson & Schenley, l970b; Swenson, 1978) and the 
rapid alteration of the cell envelopes of cells 
which have stopped respiring. The cell membranes 
of such cells become more permeable and eventually 
these cells lyse (Swenson & Schenley, 1974b). These 
changes in lethally damaged cells are often masked in 
rich media by the rapid growth and respiration of the 
surviving fraction. 
~ 2.1.7 Cell death after UV irradiation 
• 
Cell death is the most obvious consequence of UV 
damage to DNA, and yet the cause of radiation death 
remains poorly understood despite the extensive 
studies on this subject in E.eoZi (Swenson, 1978). 
One of the more popular theories put forward to 
explain radiation death includes the dysfunction of 
normal DNA replication (Hanawalt, 1966; Doudney, 1968; 





Rude & Doudney, 1973} due to deficiencies in the 
various DNA repair pathways (Boyle & Setlow, 1970}, 
which eventually leads to the appearance of double-
strand breaks in the damaged DNA (Moss & Davies, 1974; 
Bonura & Smith, 1975} . A poor relationship has been 
found, however, not only between DNA synthesis and 
survival, but also between survival and DNA repair 
(Swenson, 1976 and 1978}. DNA synthesis continues in 
cells which have lost the ability to form colonies 
on agar plates (Smith, 1969} • Incomplete dimer 
excision seems to cause little permanent damage to 
cells. A small number of dimers are lethal to uvr 
cells, while a greater number of unexcised dimers 
+ 
is tolerated by surviving uvr cells (Sedliakova 
et al~ 1977) . Although there is a parallel between 
excision of dimers and increase in cell survival 
during LHR in E.coli B/r cells, the maximum extent 
of excision is only 24% (Tang & Patrick, 1977a) • 
Schenley et al (1976b) found that the same number 
of pyrimidine dimers are excised from the living 
and the dead cells in irradiated cultures. Reirradia-
tion of the surviving fraction causes immediate 
further excision of dimers, indicating that the 
excision system in the living cells is not inactive, 
but appears to ignore the remaining dimers (Schenley 
et al~ 1976b) • It is therefore possible that viable 





selectively removed, or accurately bypassed, at certain 
critical sites. 
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Another important physiological explanation for radiation 
death is the cessation of respiration in dead cells. 
It is still not clear whether the cessation of respiration 
observed in lethally damaged cells occurs because the 
cells are dead, or whether cells die because respiration 
ceases (Swenson, 1978). It appears, however, to be a 
+ recA -regulated process that only occurs in lethally 
damaged cells (Swenson & Schenley, 1974a). Swenson et aZ 
(1977 & 1978) demonstrated that cyclic 3' ,5'-adenosine 
monophosphate (cAMP) and its receptor protein regulate 
the cessation of respiration and cell killing in irradia-
ted E.'coZi cells. The only known function of the cAMP-
CRP complex is in the transcription of inducible operons 
in E.coZi (Pastan & Adhya, 1976) and it has no known 
regulatory role in DNA repair and DNA replication. 
This finding may be linked to the very interesting recent 
results of Petranovic et aZ (1979) which indicate that 
death in E.coZi after UV irradiation may be an active 
"self-destruct" program. They claimed that chromosomal 
+ 
inactivation and cell death are programmed into the recA -
-
dependent (SOS) sequence of postirradiation ~vents and 
suggested that this inactivation takes place in all 






quently Trgovcevic et aZ {1981) found that E.coli AB 1157 
cells with UV-damaged genomes cease to replicate their 
DNA following a well-defined time-point of postirradiation 
incubation. Initially DNA synthesis in these cells 
resumes at the same rate as in unirradiated control cells 
at all UV fluences lower than a certain critical dose. 
This concept of programmed death {Trgovcevic et al~ 1981) 
strengthens the idea of other investigators that the 
radiation death of organisms is the result of induced 
biochemical and physiological responses that become 
irreversible {Swenson, 1976 and 1978) • 
As there are several indications that far-UV-induced 
systems in the obligate anaerobe B.fragilis differ in 
certain aspects from those reported for E.coli {Jones 
et al~ 1980; Jones & Woods, 1981; Slade et al~ 1981), 
we investigated the effect of far -UV irradiation on 
macromolecular synthesis and viability in B.fragilis 
under anaerobic condtions. Since no B.fragilis UV 
mutants are available, these studies only represent the 
effect of UV irradiation on the kinetics of incorporation 
of radioactive precursors into DNA, RNA and protein of 




2. 2 MATERIALS AND METHODS 
2.2.1 Bacteria and media 
The specific strain of B.fragilis, Bf-2, used in this 
research was originally isolated from a clinical 
specimen taken from a patient at the King Edward VIII 
Hospital in Durban. It was identified as a B.frag~lis 
strain by workers in the Department of Microbiology 
in the Faculty of Medicine at the University of Natal, 
Durban. The identity of the strain was confirmed by 
Dr L.V. Holdeman, V.P.I. & S.U., Anaerobe Laboratory, 
Blacksburg, USA •. Bf-2 is a non~bacteriocin producer 
and is sensitive to most of the bacteriocins produced 
by other strains of Bacteroides. It is also sensitive 
to all the bacteriophages specific for the Bacteroides 
group. 
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The strain was maintained on brain heart infusion (BHI) 
slopes and beef liver anaerobic medium and was subcultured 
at 12-monthly intervals. For routine use, the cultures 
were maintained on BHI agar plates which were subcultured 
at weekly intervals and stored in anaerobic jars under 
100% carbon dioxide. 
These studies were carried out on the Bf-2 strain 
which was also utilized in previous studies on far-uv 
•• 
.. 
irradiation (Jones et aZ~l980; Jones & Woods, 1981; Slade 
et aZ~ 1981; Slade et aZ~ 1983a and 1983b} • Brain heart 
infusion broth and agar, supplemented with hemin, mena-
dione, and cysteine (Holdeman and Moore, 1972) were used 
for bacterial propagation at 37°c. Prereduced one-
quarter-strength Ringer solution was used as a dilution 
52 
buffer (Jones & Woods, 1981). Irradiation and radioactive 
labelling of the cells were carried out in a defined 
minimal medium (Varel & Bryant, 1974). The doubling time 
during exponential growth of B.fPagiZis in this medium was. 
62 min at 37°c. All manipulations were carried out under 
stringent anaerobic conditions in an anaerobic glove 
cabinet (Forma Scientific, Marietta, Ohio) • 
2. 2. 2 UV irradiation 
Overnight cultures of B.fPagiZis cells in brain heart 
infusion broth were diluted 100-fold in minimal medium 
and reincubated until the cultures reached a turbidity 
108 8 -1 of 0,2 at 600 nm (1 x to 2 x 10 c.f.u. ml ) • 
Samples (9ml) of the cultures were irradiated in 
open glass petri dishes (90mm in diameter) with a 
Fluotest Piccolo Hanau Quartz germicidal lamp which 
emitted the majority of its output at 254 nm. The 
dose rate was measured with a Blak-Ray UV meter (model 
J-225; UV Products Inc, San Gabriel, Calif.) and 
-2 -1 




Survival curves of bacteria irradiated with increasing 
fluences were determined, and labelling experiments 
were carried out with cultures which were irradiated 
to different survival levels. 
2.2.3 DNA, RNA and protein synthesis 
DNA synthesis was determined by the incorporation of 
[2-14c]thymidine (4 ~Ci ml-l) or [methyZ- 3H] thymidine 
(10 ~Ci ml-1), RNA synthesis by incorporation of 
[5,6-3H] uracil (15 ~Ci ml-l}, and protein synthesis 
by the incorporation of [35s] methionine (20 ~Ci ml-l} 
into cold trichloroacetic acid (TCA) precipitable 
cellular material. The labelled chemicals were supplied 
by The Radiochemical Centre, Amersham, England and the 
final concentrations of thymidine, uracil and methionine 
were 7, 15 and 25 ~g ml-l respectively, which were 
saturating for both uptake and incorporation over 
240 min. 
The effect of UV irradiation of DNA, RNA and protein 
synthesis was determined in prelabelled and unlabelled 
cultures (Smith & O'Leary, 1968; Setlow & Setlow, 1970} • 
In order to prelabel cells overnight brain heart 
infusion broth cultures were inoculated into minimal 
medium and incubated until the cultures reached a 
turbidity of 0,15 at 600 nm. The label was added and 
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• 
2. 2. 4 
• 
the cultures reincubated until a turbidity of 0,2 
at 600 nm was reached before the cultures were 
irradiated with UV light {prelabelled cells). In 
experiments involving unlabelled cells, the label 
was added to the culture immediately after irradiation. 
For dual labelling experiments, the cells were pre-
labelled for 60 min with r 14c]thymidine. The labelled 
cells were then harvested by centrifugation, 
resuspended in fresh minimal medium without label and 
incubated for a further 50 min before irradiation and 
the addition of [ 3H]thymidine. 
Effect of chloramphenicol and caffeine on DNA 
synthesis 
The effect of chloramphenicol {5 j..lg ml-l) and caffeine 
{1 mg ml-l) on DNA synthesis after UV irradiation 
was determined with prelabelled and unlabelled cells. 
The inhibitors were not present during irradiation, 
but were added to minimal medium cultures immediately 
after irradiation. The minimal inhibitory concen-
trations of chloramphenicol and caffeine were lj..lgml-l 
-1 and 2,5 mg ml , respectively. 
Effect of uv on viability 
Exponential phase cells were irradiated in minimal 







at 37°C under anaerobic conditions. Viability was 
determined after different time intervals by plating 
on brain heart infusion agar. Each sample was plated 
onto a minimum of three agar plates and the colonies 
were counted after 48 h at 37°C under anaerobic 
condition. 
RESULTS 
Effect of UV irradiation on DNA synthesis 
UV irradiation of B.fragiZis cells prelabelled with 
[ 14cJthymidine resulted in an initial rapid net loss 
of label from the TCA precipitable fraction (Fig 2.1). 
The DNA degradation phase was followed after approxi-
mately 60 min by the net synthesis of DNA. Dual 
labelling experiments were carried out to determine 
whether DNA synthesis was masked during the DNA 
degradation phase (Fig 2.2). DNA synthesis was 
decreased after UV irradiation, but never totally 
inhibited. This DNA synthesis was masked in the 
prelabelling experiments by the phase of extensive 
DNA degradation immediately after exposure to UV 
irradiation. Degradation of prelabelled DNA 
continued for 40 min postirradiation before reaching 
a plateau between 40 and 160 min when there was no net 
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FIG 2.1 Effect of UV irradiation on DNA synthesis 
in pre labelled B. fr>agi lis cells. The [ 14 C] thymidine 
was added to the cells 60 min prior to irradiation. 
The cells were irradiated and reincubated in the 
presence of the label. Unirradiated control ( e ) ; 
cells irradiated with 50 J m - 2 ( 11% survival) ( 0) 
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FIG 2.2 Effect of UV irradiation on DNA synthesis 
in dual-labelled B. fragi lis cells. Cells pre labelled 
with [ 14 c] thymidine for 60 min were harvested by 
centrifugation, resuspended in fresh medium without 
[14 C] thymidine and incubated for a further 50 min 
before UV 'irradiation (50 J m- 2 11%. survival) and the 
addition of [3 H] thymidine (time 0 min). Unirradiated 
prelabelled control reincubated in [14c] thymidine 
immediately after harvesting ( •) and at time 0 min (e). 
Irradiated cells wi'th ( ~) and without ( 0) [ 3H] 
thymidine added at the time of irradiation {time 0 min). 
On irradiated cells with [3 H] thymidine added at 






In order to carry out the dual labelling experiments 
it was essential to harvest the cells by low speed 
centrifugation. Although all the manipulations were 
carried out under stringent anaerobic conditions the 
unirradiated cells were affected by the centrifugation 
procedure and required a further 50 min incubation 
before DNA synthesis was resumed (Fig 2.2). In all 
duel labelling experiments the cells were irradiated 
at least 50 min after centrifugation. 
DNA synthesis was also determined in unlabelled 
cultures which were irradiated with increasing doses 
of UV light prior to ·the addition of [14cJ thymidine. 
In these experiments DNA synthesis was measured by 
the net accumulation of label into TCA precipitable 
material over a fixed period of time. In unirradiated 
unlabelled B.fragilis cells exponential incorporation 
of r14cJ thymidine similar to that in unirradiated 
prelabelled cells was observed 30 min after the 
addition of the label, which indicated that pool 
equilibrium of the thymidine precursor in the proto-
trophic B.fragilis cells was attained within that 
30-min period. DNA synthesis was reduced after UV 
irradiation and showed linear kinetics for a dose-
dependent period (Fig 2.3). At higher UV doses 
there was a longer period of linear DNA synthesis. 
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FIG 2.3 Effect of increasing doses of UV irradiation 
on DNA synthesis in unlabelled B. fragi lis cells • 
Exponential phase cells were irradiated and labelled 
with [ 14c] thymidine. Unirradiated control (e). 
Cells irradiated with UV (J m-2): 20 (91% survival) (0) 1 
3 0 ( 6 2% survival ) ( 6. ) 1 4 0 ( 2 6 % s urv iva 1 ) ( .A. ) 1 






with increasing UV doses. After this period of 
depressed linear synthesis, DNA synthesis increased 
in an exponential fashion in all irradiated cultures. 
At the high UV doses (26, 11 and 1,2% survival) the 
rate of DNA synthesis after the linear phase varied 
-1 -1 between 3o·cpm ml min at 1,2% survival and 155 
cpm ml-1 min-1 at 26% survival. The rate of DNA 
synthesis at 86 and 62% survival was 300 and 295 cpm 
-1 min -1 respectively, whereas the rate in the ml 
' 
unirradiated control 305 -1 min -1 The was cpm ml 
exponential rates of synthesis persisted until the 
end of the experiment (150 min). 
·. 
2.3.2 Effect of chloramphenical and caffeine on DNA 
synthesis after UV irradiation 
Experiment with prelabelled cells indicated that 
extensive degradation of DNA was inhibited by the 
addition of chloramphenicol immediately after UV 
irradiation (Fig 2.4). In these prelabelled cells 
net DNA synthesis was detected 100 min after UV 
irradiation. Experiments with unlabelled cells 
showed that DNA synthesis after UV irradiation was 
new 
markedly reduced by chloramphenicol but not inhibited 
completely. After 100 min DNA synthesis in chloram-
phenicol-treated irradiated cells resumed at the same 
exponential rate as irradiated cells without chloram-







40 80 120 160 
TIME min 
FIG 2. 4 Effect of chloramphenicol on DNA synthesis 
after UV irradiation. Cells prelabelled with [14c] 
thymidine prior to UV irradiation with ( 6.) and 
without (~) chloramphenicol. Cells irradiated 
and then labelled with [14c] thymidine, with (D) and 
without ( •) chloramphenicol. Unirradiated cells 
prelabelled with [ 14c] thymidine with ( 0) and without 
( e) chloramphenicol. Cells were irradiated with 







decreased by chloramphenicol and totally inhibited 
after 60 min. -1 Chloramphenicol {5 ~g ml ) inhibited 
protein synthesis immediately in unirradiated cells 
{Fig2.6) • 
Caffeine treatment of prelabelled irradiated cells 
inhibited extensive DNA degradation immediately and 
DNA synthesis 40 min after UV irradiation {Fig 2.5). 
DNA synthesis in unlabelled UV irradiated cells was 
completely inhibited by caffeine 40 min after irrad-
iation. Caffeine did not affect DNA synthesis in 
unirradiated cells. 
2.3.3 Effect of UV irradiation on RNA and protein synthesis 
UV irradiation of B.fragilis cells resulted in a dose-
dependent decrease in RNA and protein synthesis {Fig 
2.6). Protein synthesis was less sensitive to UV 
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irradiation than RNA synthesis; 60 min after irradiation 
-2 at 50 J m protein and RNA synthesis were reduced by 
28% and 42%, respectively, compared with the unirrad-
iated control • 
After irradiation {50 J m- 2 , 11% survival) RNA synthesis 
increased linearly for approximately 60 min before it 
resumed exponentially at a somewhat lower rate than in 
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FIG 2.5 Effect of caffeine on DNA synthesis after UV 
irradiation. Cells prelabelled with [14 C] thymidine 
prior to UV irradiation with (b.) and without ( .& ) 
caffeine. Cells irradiated and then labelled with 
[ 14c] thymidine with ( 0) and without ( •) caffeine. 
Unirradiated cells prelabelled with [14c] 
with ( 0) and without ( e) caffeine. 


















Effect of UV irradiation on RNA (a) 
and protein (b) synthesis. Cells prelabelled with 
[ 3H] uracil (a) and irradiated with UV fluences of 50 
( 11% survival) ( 0) and 70 J m-2 ( 1, 2% survival) (!:::..). 
Cells prelabelled with [35s] methionine (b) and 
irradiated with UV fluences of 50 ( 11% survival) (0) 
. and 70 J m-2 ( 1, 2% survival) (!:::..). Unirradiated 
control (e). Unirradiated cells prelabelled with 
[ 35s] methionine and treated with chloramphenicol 
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FIG 2.7 Effect of UV irradiation on colony formation 
by B.fragilis cells under anaerobic conditions. 
Cells were irradiated with increasing UV fluences 
and samples were plated onto brain heart infusion agar 
at time intervals after irradiation. UV fluences 
{ J m-2): 30 { 62% survival) <e); 40 { 24% survival) { 0); 
50 { 12% survival) {.A.) and 70 { 1, 5% survival) { 6.). 






synthesis continued in an exponential fashion. At 1.2% 
survival both RNA and protein synthesis were markedly 
reduced and showed linear kinetics until the end of the 
experiment {160 min). 
2.3.4 Effect of uv irradiation on colony formation 
2.4 
The ability of B.fPagilis to form colonies on agar 
medium was not affected immediately by UV irradiation 
{Fig 2.7). The c.f.u. continued to increase in number 
for a dose-dependent period before colony formation 
was inhibited. Inhibition of colony formation occurred 
sooner in cells ir~adiated with lower doses of UV 
light than in cells irradiated with high UV doses. 
The division delay persisted until the end of the 
experiment {2,5h). In cultures irradiated to 1,5% 
survival there was a decrease in viability after colony 
formation was inhibited. 
DISCUSSION 
Experiments with the anaerobe B.fragilis on the effect 
of UV irradiation on DNA synthesis support the conclusion 
of Setlow & Setlow {1970) that there is no unique 
best method for investigating macromolecular synthesis 
in irradiated bacteria. Rapid degradation of DNA 





was only detected with prelabelled cells. This 
extensive degradation masked the discovery, which was 
made with unlabelled cells, that DNA synthesis decreased 
but was never totally inhibited by UV irradiation and 
continued during the degradation phase. 
The characteristics of DNA synthesis in B.fragiZis cells 
irradiated with far-UV light under anaerobic conditions 
differ from those reported for E.coZi where DNA 
synthesis is stopped completely and immediately for a 
dose-dependent period by UV irradiation (Kelner, 1953: 
Hanawalt & Setlow, 1960; Setlow et aZ, 1963: reviewed 
by Swenson, 1976, and Hall & Mount, 1981). Trgovcevic 
et aZ (1980) reported that this inhibition of DNA 
synthesis is dependent on a functional recA gene product. 
The discovery that UV radiation under anaerobic 
conditions did not inhibit DNA synthesis may suggest 
that B.fragiZis cells do not have an E.coZi recA-type 
system or that a protein with a similar recombination 
function does not have a similar regulatory role in 
B.fragiZis. However, although the synthesis of DNA 
in B.fragiZis was not inhibited after UV irradiation, 
the kinetics of synthesis changed to a linear mode 
for a dose-dependent period, before exponential DNA 
synthesis resumed. Smith (1969) reported that there 
was no abrupt cessation of DNA synthesis in E.coZi B 
cells after UV irradiation. 
• 
re 
Another difference between the postirradiation DNA 
kinetics of B.fragilis and that of E.coli involved 
the degradation of irradiated DNA. Although some DNA 
degradation does occur in wild type E.coli cells after 
UV irradiation, it is limited (Swenson, 1976). 
Extensive "reckless" DNA degradation occurs in recA 
mutants following UV irradiation (Clark, 1973) • A 
similar extensive degradation of DNA after UV 
irradiation was observed in wild type B.fragilis cells. 
In E.coli the recA+ protein binds to single-stranded 
regions on the chromosome and so inhibits the endo-
nuclease and exonuclease activities of the recBC DNase 
on single-stranded DNA which account for 75 to 90% of 
the DNA degradation in irradiated cells (Marsden et al, 
1974; Satta et aZ, 1979; Williams et aZ, 1981). 
Other E.coli repair-deficient mutants also degrade DNA 
excessively after UV irradiation and include uvrD (Ogawa 
et al, 1968), polAl (Boyle & Setlow, 1970), resAl 
(also deficient for DNA polymerase 1) (Kato & Kondo, 
1970) and lexA (Howard-Flanders & Boyce, 1966; Howard-




The extensive degradation by E.coli recA cells does 
not seem to be the cause of death because multiple 
mutants, such as recA recB recC have about the same 
radiation sensitivity as recA, but degradation of DNA 
is greatly reduced (Willetts & Clark, 1969) • Studies 
by Pollard and Snipe (1977) revealed that inhibition of 
postirradiation DNA degradation is also absent in 
Pseudomonas BAL-31, of marine origin. 
DNA degradation in E.coli reaA mutants is greatly 
reduced by the addition of caffeine immediately after 
UV irradiation (Shimada & Takagi, 1967; Yonei & Nozu, 
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1972) • Caffeine also inhibited DNA degradation in 
irradiated B.fragilis cells. Degradation of DNA in 
irradiated E.aoli cells is supposedly initiated at 
single-strand breaks in the DNA produced by the enzymes 
involved in the excision of damage (Howard-Flanders & 
Boyce, 1966) • Caffeine was previously shown to cause a 
marked decrease in the number of c.f.u. after UV irradia-
tion of B.fragilis cells (Jones et al, 1980) and it is 
thus suggested that the degradation of DNA is an important 
part of repair processes in irradiated cells of this 
organism. 
The inhibition by chloramphenicol of the extensive DNA 
degradation that occurred after UV irradiation in. 




for degradation. In E.aoli excision occurs in the 
presence of chloramphenicol (Swenson & Setlow, 1966). 
Chloramphenicol reduced DNA synthesis in irradiated 
B.fragilis cells but did not inhibit it completely. 
Although chloramphenicol prevents the resumption of DNA 
synthesis in irradiated E.aoli (Swenson, 1976}, Swenson 
& Setlow (1966} reported that in a radiation-resistant 
E.aoli B strain DNA synthesis is resumed at the same 
70 
time in irradiated cells with and without chloramphenicol. 
The DNA synthesis in irradiated B.fragilis cells treated 
immediately with chloramphenicol is analogous to stable 
DNA replication in E.aoli in that it is an abnormal, UV-
induced DNA synthesis which can occur in the absence of 
protein synthesis (Kogoma & Lark, 1975; Lark & Lark, 
1978}. However, B.fragilis differs from E.aoli in that 
in E.aoli protein synthesis is necessary during a 40-min 
period after irradiation before the addition of chloram-
phenicol for the initiation of stable DNA synthesis 
(Kogoma et al~l979}. 
The finding that RNA and protein synthesis are, in 
that order, 1ess sensitive to UV than DNA synthesis, 
is in accord with the current views of macromolecular 
synthesis in living organisms. RNA synthesis in 
irradiated B.fragilis cells was linear during the 
phase of reduced linear DNA synthesis, while in E.aoli 
• 
• 
linear synthesis is observed for both RNA and protein 
during the time that DNA synthesis is inhibited 
(Hanawalt & Setlow, 1960; Swenson & Setlow, 1966). 
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In B.fragiZis colony formation was not inhibited 
immediately by UV irradiation and there was an inverse 
relationship between UV dose and inhibition of viability. 
An initial transient increase in colony formation after 
UV irradiation has also been reported in E.coZi under 
conditions where DNA synthesis was inhibited in 
virtually all the cells (Okagaki, 1960; Helmstetter & 
Pierucci, 1968; Smith, 1969; Swenson & Schenley, 
1970b) ~ Smith (1969) observed that with both uv-
sensitive and -resistant E.coZi mutants there was an 
inverse relationship between UV dose and inhibition of 
colony formation. After the period of division delay, 
cell division resumes in irradiated E.coZi cells 
at a rate similar to that of the unirradiated control 
(Smith, 1969; Swenson & Schenley, 1970b; Boyle & 
Swenson, 1971). Cell division in irradiated B.fragiZis 
cultures did not resume during the time in which the 
experiment was performed (2,5h). 
The drop in viability observed in B.fragiZis cells 
irradiated to 1,5% survival is as yet unexplained. 
It occurred under conditions where DNA synthesis 




synthesis continues for many generations in cells 
which are unable to form colonies on agar plates {Smith, 
1969) and there is generally a poor relationship between 
DNA synthesis and survival of irradiated cells {Swenson, 
1978). A drop in the number of c.f.u. in an irradiated 
E.coli culture is caused by the lysis of lethally 
damaged cells in which respiration has ceased {Swenson 
& Schenley, 1974b). 
The subject of DNA repair and recombination in E.coli 
has moved well beyond the point we have reached in 
our studies on macromolecular synthesis in irradiated 
B.fragilis cells. The advanced knowledge of DNA 
repair in E.coli is largely due to the availability 
of specific E.coli UV mutants altered in one or more 
of the established repair pathways. At present 
investigations in B.fragilis are hampered by our 
inability to isolate UV-sensitive or -resistant mutants 
in spite of an extensive screening programme. Our 
results on the characteristics of DNA synthesis after 
UV irradiation and the difficulty experienced in 
isolating mutants in general in B.fragilis suggest 
that the UV repair and recombination systems in this 
anaerobe may differ from those in E.coli, which tend 
to be accepted as typical for bacteria in general. 
The basic studies on B.fragilis reported in this 
chapter may provide a starting point for future work on 





UV LIGHT INDUCTION OF PROTEINS IN 
BACTEROIDES FRAGILIS UNDER ANAEROBIC CONDITIONS 
Introduction 
Exposure of E.coZi cells to UV irradiation and other 
agents which damage the DNA, or interfere with its 
replication, induces a complex co-ordinated set of 
survival-promoting responses collectively known as the 
SOS functions (Radman, 1975; Witkin, 1976; Gottesman, 
1981) • The SOS response involves many physiological 
changes including the appearance of increased repair and 
mutational activities, inhibition of cell septation, 
induction of certain prophages and the aberrant reinitia-
tion of DNA replication at the chromosome origin after 
synthesis arrest (Witkin, 1976; Hall & Mount, 1981). 
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The expression of all these changes is co-ordinately 
regulated by the recA and the ZexA gene products. DNA 
damage activates the protease activity of the basal recA+ 
protein to cleave the ZexA gene product and other cellular 
repressors of SOS functio~s, so switching on the 
expression of the entire SOS event (Little & Harper, 1979; 
Brent & Ptashne, 1980; Craig & Roberts, 1980; Little 
et aZ~ 1980). Kenyon & Walker (1980) showed that DNA 
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damage in E.coZi induces increased transcription at 
several specific loci on the chromosome and many 
investigators reported that de novo protein synthesis 
is required for the expression of the pleiotropic 
SOS response (Witkin, 1976; Eisenstark, 1977) • 
The din (damage-inducible) genes whose expression 
is stimulated by DNA damage, or inhibition of .DNA 
synthesis, and whose products have been associated 
with the occurrence of particular SOS processes, 
include the recA (Inouye & Pardee, 1970; Gudas & 
Pardee, 1975; Little & Hanawalt, 1977; West & 
Emmerson, 1977) ZexA (Little & Harper, 1979; Brent 
& Ptashne, 1980) umuC (Bagg et aZ, 1981), uvrA 
(Kenyon & Walker, 1980, 1981) uvrB (Fogliano & 
Schendel,l981; Kenyon & Walker, 1981), sfiA (Huisman 
& D'Ari, 1981) and the himA (Miller et aZ, 1981) genes. 
No report has been published as yet on the possible 
stimulation of protein production by far-UV radiation 
in obligate anaerobic bacteria. 
3.1.1 The inducing signal 
The induction of several SOS events and proteins by 






is known about the initial molecular event or 
signal which triggers the expression of SOS 
functions. Prophage induction and the enhanced 
synthesis of the recA+ protein are the best 
understood responses to DNA damage and these 
phenomena have consequently been used by mole-
cular investigators as measures of successful 
repressor inactivation following DNA damage. 
Although the entire SOS response is induced by 
sudden stops in the DNA replication, a stalled 
replication fork per se is not sufficient, or 
necessary, to induce recA expression in E.coli 
(Casaregola et al, 1982a) • Both Monk & Gross 
(1971) and Schuster et al (1973) showed that 
prophage lambda was also not induced when the 
DNA replication was arrested at the end of a 
cycle in E.coli in~tiation defective dnaA (Ts) 
mutants at the non-permissive temperature. Neither 
could naladixic acid induce the synthesis of recA 
protein in a recB recC strain even though the 
DNA synthesis was inhibited (Gudas & Pardee, 1975). 
UV ligh and bleomycin, on the other hand, could 
+ 
induce the recA protein in a dnaA mutant at the 
restrictive temperature (Gudas & Pardee, 1976) 
and Gudas & Pardee proposed in 1975 that the 
+ 




most probably a product of DNA degradation. In 
support of this proposal it has been found that 
nalidixic acid (Gudas, 1976), but not novobiocin 
(Smith & Oishi, 1978) can induce reaA+protein 
production. Novobiocin inhibits DNA replication by 
inactivating gyrase subunit B without concomitant 
.DNA degradation, while treatment with nalidixic 
acid causes inhibition of DNA synthesis due to 
the inactivation of gyrase subunit A (Higgins et al, 
1978), followed by the selective degradation of 
nascent DNA. 
If the progress of the replication fork is blocked 
during a replication cycle, induction of SOS functions 
is generally observed (Casaregola et al, 1982a) • 
Under these conditions localised degradation of newly 
synthesized DNA occurs near the replication fork due 
to the action of the reaBC-coded exonuclease V 
(Lieberman & Oishi, 1974). This degradatio~ pro-
duces single-stranded regions (gaps) in the 
chromosome (MacKay & Linn, 1976; Oishi & Smith, 
1978; Taylor & Smith, 1980) and many investigators 
claimed that it is the gaps in the chromosome 
which serve as SOS inducing signals (Sedgwick et aZ~ 
1978; Sussman et al, 1978; Bockrath & Hanawalt 
1980) • A functional reaBC gene product is essential 





treatments such as precursor deprivation, DNA 
inhibition by nalidixic acid, a temperature shift-
up of a dna (Ts) elongation mutant, and treatment 
with micrococcal and pancreatic DNases (that only 
nick DNA) (Gudas & Pardee, 1976; Irbe & Oishi, 
1980; Oishi et al, 1981). Exonuclease v-mediated 
degradation is, however, not the only source of 
suitable signal fragments and although a reeB mutation 
+ considerably delays the induction of prophage and reeA 
protein in E.eoZi, UV light, bleomycin and mitomycin 
C can still induce these events in the absence of a 
functional reeBC DNase (Gudas & Pardee, 1975; Little 
& Hanawalt, 1977; Oishi et al, 1981). The results 
of Oishi et aZ (1978) strongly suggested that 
induction by UV light and mitomycin C involves DNA 
degradation by multiple DNases, only one of which is 
+ the reeBC DNase. McPartland et al (1980) found, 
+ for example, that the product of the reeF gene 
+ (exonuclease VIII) is more important than the reeBC 
DNase for the generation or transduction of a 
signal for SOS induction following UV damage to the 
DNA. It is unclear whether the signals produced by 
+ + the alternate pathways (reeBC - and reeF -dependent) 
are the same: (Little & ·Mount, 1982). 
There is no casual relationship between the produc-
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tion of DNA fragments and reaA+ induction (Little 
& Hanawalt, 1977) and degradation per se is not 
sufficient to provide a signal (Baluch et aZ, 1980) . 
The extensive degradation which occurs in plasmo-
lyzed E.aoZi cells following treatment with pancrea-
tic DNase does not cause the induction of ¢80 pro-
phage and induction is only observed in the presence 
of a functional reaBC DNase (Oishi et aZ, 1981) • 
Little & Hanawalt (1977) thought that the inducer 
must be a specific DNA fragment with a unique 
structure, not unlike the fragments produced by 
• exonuclease V activity. 
Oishi and co-workers (1981) studied the ability 
of various oligonucleotides with specific structures 
(resulting from DNA digestion) to inactivate the 
¢80 phage repressor and to relieve the requirement 
for exonuclease V activity. They found that 
specific dinucleotides with the sequence d(R-G), 
where R is a purine nucleoside, have strong pro-
phage inducing activities. It is essential that the 
sugar moieties of the active dinucleotide must be 
a deoxyribose and that it has quanine at the 3' end; 
r(A-G), r(G-G) and d(G-I) were found to have no 
inducing activities. Both d(A-G) and d(G-G) induce 
prophage nearly as effectively as UV irradiation. 
There is also another class of oligodeoxyguanylates 
• 
•• 
which has prophage inducing activity: a deoxyguano-
sine oligonucleotide with a chain length between 6 
and 18 can effectively induce prophage as long as it 
has a phosphate at the s• position (Oishi et al, 
1981) • This is in agreement with the results of 
Craig & Roberts (1980) who found that proteolysis 
of lambda repressor requires, besides ATP, a poly-
nucleotide chain of about 16 to 20 nucleotides. 
Induction triggered by d(G-G) is independent of 
the recBC gene product and no degradation of chromo-
somal DNA occurs following d(G-G) treatment. Oishi 
et al (1981) therefore speculated that d(G-G) may 
be equivalent to the in vivo signal produced by 
I 
recBC+ iDNase activity on predegradative DNA, or to 
an intermediate product in a recBC+-independent SOS 
pathway. The results of Oishi and co-workers, however, 
also reveal a high degree of complexity and specifi-
city in the early steps of SOS regulation: ¢80 
prophage is induced by d(AGGp), but this oligonucleo-
tide cannot induce recA+, or promote cleavage of 
lambda repressor in vivo (Oishi et al, 1981) • 
The concentration of nucleoside triphosphate present 
in the cell affects the recA+ cleavage acticity; 
the cleavage of lexA+ protein has been shown to 
specifically require ATP or an analog, ATP-y-S 




observed during some SOS-inducing treatments {such 
as nalidixic acid treatment and thymine starvation) 
{Neuhard & Thomassen, 1971) is therefore an important 
component of the SOS-inducing signal and Oishi & Smith 
{1978) reported that dNTPs can trigger ¢80 prophage 
induction in the presence of a functional recBC DNase. 
3.1.2 Mechanism of activation 
The initial event leading to the derepression of all 
SOS operons is the activation of the protease activity 
of the ~ecA+ protein {Craig & Roberts, 1980 and 1981; 
Phizicky & Roberts, 1981). The reaction requires 
Mg 2+,ATP and a polynucleotide cofactor, and the 
formation of a complex between the recA+ protein, 
single-stranded DNA and nucleoside triphosphate 
seems to be the critical event in this activation 
{Craig & Roberts, 1981; Phizicky & Roberts, 1981; 
Flory & Radding, 1982). Phizicky & Roberts {1981) 
proposed that the conformational change {Devoret, 
1981) that occurs in recA+ protein during formation 
of the recA+-DNA-nucleoside triphosphate complex 
exposes a site that can bind and cleave repressor 
protein. Damage to cellular DNA promotes this 
reaction by providing single-stranded regions for 
the binding of the recA+ protein. The cell con-




depends on how many sites on the DNA are available 
to activate the protein (Little et aZ, 1980) , and 
there is an optimum ratio of single-stranded DNA to 
recA+ protease (about four nucleotides per recA+ 
monomer); excess single-stranded DNA inhibits this 
reaction (Little & Mount, 1982) • + The active recA 
protease can then derepress the SOS operons by the 
specific cleavage of the bacterial ZexA+ protein 
(Little et aZ, 1981) and the prophage repressors 
(Roberts et aZ, 1978) • 
Tif mutants exhibit constitutive repressor cleavage, 
and thus constitutive high levels of expression of 
SOS functions, in the absence of DNA damage. The tif 
+ protein is more basic than the wild type recA pro-
tein (Gudas & Mount, 1977) and McEntee & Weinstock 
(1981) suggested that the tif mutation alters the 
+ . 
binding sites of the recA protein so that the 
tif(recA) protein is activated by complex formation 
with short single-stranded regions or gaps that 
normally occur near the growing fork of replicating 
chromosomes (McEntee & Weinstock, 1981; Phizicky & 
Roberts, 1981). These single-stranded regions are 
too short for the activation of the normal recA+ 
enzyme. Tif expression is suppressed in dnaA mutants 
at 42°c when the chromosome is fully replicated and 
no new replication forks are formed (D'Ari et aZ, 1979). 
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Kinetics of induction and decay of SOS repair 
activities 
Genes involved in the SOS response differ in their 
sensitivity to inducing treatment (Huisman & D'Ari, 
1981) and the various SOS functions in E.aoLi are 
expressed in the same damage-induced population 
with quite different kinetics (Devoret, 1981; 
Pollard et aL, 1981) • The induction of the P.eaA+ 
protein reaches a maximum after 60 to 90 minutes 
after UV irradiation (Salles & Paoletti, 1983), 
while the average time required for other SOS 
functions to reach a maximum following the same 
inducing treatment, is approximately 30 minutes 
(Witkin, 1975; Defais et aL,l976). The time 
required for repressor inactivation by proteolytic 
cleavage is specific for each type of cellular 
repressor. The LexA+ protein is cleaved within 
3 minutes after a mild UV treatment (Little & 
Mount, 1982), but lambda repressor inactivation 
is a slow cellular process that takes a generation 
time to reach completion (Gudas & Pardee, 1975; 
+ Bailone et aL, 1979): one mole of recA protein 
cleaves 0,41 mole of lambda repressor in one hour 
in the presence of ATP and polynucleotides (Craig 
& Roberts, 1980; Phizicky & Roberts, 1981). 




specific concentrations of cobalt increase the 
in vitro rate of lambda repressor cleavage and 
the rate of strand assimilation by the recA+ 
protein • 
Kenyon & Walker (1980) thought that the different 
lag times required for the expression of the din 
genes indicated different triggers for activation 
of these operons. Oishi et aZ (1979)· suggested 
that all the different altered DNA structures 
resulting from .the different DNA damaging treat-
ments are converted to a common final predegra-, 
dative structure, which is then susceptible to 
degradation by specific DNases, mainly recBC+ 
DNase. There is a definite correlation between 
the timing of DNA degradation and inactivation 
of repressor following the inducing treatment 
(Oishi et aZ, 1981) • DNA damaging agents that 
cause strand breaks, such as bleomycin and 
streptonigrin, cause immediate degradation of 
DNA and exhibit inactivation of repressor molecules 
as early as 10 to 15 minutes after treatment. 
Treatment with agents that modify DNA bases, such 
as UV irradiation and mitomycin C which cause 
pyrimidine dimer formation and alkylation, 
respectively, causes relatively slower DNA degrada-
tion after a short lag period of approximately 20 
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minutes. Maximum inactivation of repressor by 
these agents occurs after about 30 minutes. The 
efficiency of UV reactivation of phage lambda, 
for example, reached a peak after 30 minutes of 
incubation of the UV-irradiated host before infec-
tion with the irradiated phage (Defais et al, 1976) • 
The inhibition of DNA synthesis by thymine depriva-
tion, or temperature shiftup of dna (Ts) elongation 
mutants, leads to the slow induction of prophage 
after DNA degradation at the very late stage of 
60 to 90 minutes after initiation of the treatment 
(Oishi et al, 1981) . The DNA structure resulting 
from these last two treatments exhibits no DNA 
damage other than an immobilized replication fork and 
is comparatively resistant to degradative attacks by 
DNases. 
The sos operons are only transcribed while sos-
inducing conditions prevail and their products are 
rapidly degraded in the cell (Witkin, 1976) . Both 
enhanced Weigle reactivation and the ability to 
enhance UV mutagenesis decayed with a half-life of 
30 minutes once the optimum level was achieved, 
and these two SOS phenomena were no longer detectable 
after 90 minutes under non-inducing conditions 
(Witkins, 1975; Oefais et at, 1976). Salles & 




unexcised dimers does not permanently induce the 
formation of reaA+ protein. The rate of synthesis 
+ . 
of reaA protein declines between 30 to 
60 minutes (Little & Hanawalt, 1977), and Little 
et aZ (1981) suggested that the rate at which the 
+ reaA protein decays after UV irradiation is primar-
ily controlled by the rate at which dimers are 
excised. 
Casaregola et aZ (l982a) reported a rapid turnoff 
of reaA expression once DNA replication is restored 
(within 10 minutes of restoration) , presumably 
because the signal molecule is rapidly consumed in 
the DNA polymerization reaction. The creation and 
disappearance of the signal molecule is there-
fore proposed to be ultimately reponsible for 
turning the SOS functions on and off (Casaregola 
et aZ l982a}. Witkin (1976) reported that four 
hours after SOS inducing treatments all the 
signal molecules are removed and the wild' type 
I. 
E.aoZi cells have returned to equilibrium. 
The damage-inducible gene products 
3.1.4.1 ReaA gene and protein 




accompanied by the appearance of a prominent 37 000 
to 40 GOO-molecular weight protein, the reaA+ protein, 
formerly described as protein X (Inouye, 1971; Gudas 
& Pardee, 1975; McEntee, 1976; Emmerson & West, 1977; 
Gudas & Mount, 1977; Little & Kleid, 1977; McEntee 
& Epstein, 1977) . 
+ The basal level of reaA protein 
represents about 0,02% of the total protein produced 
(Casaregola et al, 1982b). When E.aoli cells are 
subjected to DNA damaging treatments, transcription 
of the recA gene increases considerably (McPartland 
et al, 1980) and Casaregola et al (1982b) reported 
a 17-fold increase within 10 minutes after UV irra-
diation or thymine starvation. Salles & Paoletti 
(1983) found that the fully-induced level of the 
+. 
recA protein represents a 20- to 55-fold ampli-
fication of the basal level, and this may amount to 
as much as 3% of the total cell protein synthesized 
+ (Gudas, 1976). ReaA protein production reaches 
its peak values at indentical times of 60 to 90 
minutes, whatever the initial UV dose (Salles & 
Paoletti, 1983). 
+ Ninety percent of the total reaA 
protein is found in the cytoplasm and 10% in the 
cell membrane (Gudas & Pardee, 1976). 
Cloning of the reaA gene (Clarke & Carbon, 1976; 
McEntee, 1976; McEntee & Epstein, 1977; Ogawa et al, 




greatly facilitated the purification and identification 
of the reaA gene product (Shibata et al~ 1979; Wein-
stock et al~l979; MacKay et al~ 1980; Sancar et al~ 1980; 
Cox, 1981; Shibata· et al~ 1981) .The operon region was 
identified as the rnm region (Volkert et al~ 1981) and 
rnmA and rnmC mutants fail to amplify reaA protein 
after SOS-induc~ng treatments (Volkert et al~ 1979). 
The reaA gene was sequenced by Horii et al (1980) and 
Sancar et al (1980). The coding region of the reaA 
gene has 1059 base pairs (bp) which specify a 352-amino 
acid protein with alanine and phenylalanine as its NH 2-
and COOH-terminal amino acids respectively~ The NH 2-
terminal half contains all three cysteines and both 
histidines, amino acids _that are part of the active 
site of most proteases (Sancar et al~ 1980) • 
All repressor-operator interactions studied so far 
involved DNA dyad symmetry (Sancar et al~ 198lb) , and 
the lexA binding site in the reaA gene also contains 
a perfect dyad symmetry with the exception of two 
bp in the centre (Sancar et al~ 1982). In addition, 
the reaA gene contains three translational symmetries 
with characteristic direct repetition of 8 to 11 bases 
(Sancar et al~ 1980). These sequences have invert 
repeats at the ends which are flanked by direct repeats, 
features possessed by known IS elements (Reed et al~ 





are too small to code for proteins that promote trans-
position and Sancar et aZ (1980) speculated that these 
sequences played a role in the evolution of the reaA 
gene, and perhaps of the E.aoZi chromosome itself • 
The soluble reaA+ protein is isolated as a hetero-
polymer with a molecular weight of 150 000 after 
mild detergent lysis of host cells (McEntee,, 197 6} . 
Oligomer formation depends on the ionic strength of 
the suspending solution and on protein concentra-
tion: low concentration of salt and high concen-
trations of protein favour aggregation (Ogawa 
et aZ~ 1979). 
+ 
RecA protein also aggregates in 
+ response to ATP, and the tetrameric form of recA 
protein acts as an ATPase dependent on single-
stranded DNA (Ogawa et aZ, 1979 ; Howard-Flanders, 
et aZ~ 1981}. 
The highly pleiotropic reaA+ protein is an ATP-
dependent DNA-binding protein which appears to have 
two distinct domains of activity in the E.coZi cell 
(Morand eta], 1977}, inactivated by two clusters of 
mutations, ZexB and reaA proper. The one domain is 
active in general recombination, recombinational 
repair and control of recBC+ DNase-mediated 




proteolytic regulation of SOS induction (Devoret, 
1981). Amplification of the recA+ protein leads to 
enhanced recombinational repair and consequently 
to increased survival of irradiated cells (Witkin, 
197 6) p + Induced recA production is also required 
for the important non-recombinational function of 
inhibition of excessive DNA degradation by exo-
nuclease V (Chapter 2). At the same time, high 
+ 
amounts of recA protein exerts a negative control 
on its own expression because of its inhibition 
+ 
of the recBC -mediated generation of appropriate 
signals ·for induction of the recA+protein (Volkert 
et· al, 1981). 
+ Genetic recombination promoted by recA protein in 
wild type E.coli cells appears to occur by several 
pathways of which two have been well defined. The 
recBC+-mediated pathway is constitutive and is 
catalyzed by the basal levels of recA+ protein 
+ present in the cell, and is therefore lexA -
independent (Clark, 1980). + The reeF -dependent 
pathway comes into operation once the recBC+ path-
way is blocked by mutations in the recB, recC or 
sbc genes. This pathway is lexA-dependent and 
inducible, but recombination proceeds more slowly 
than the recBC+-dependent recombination (Clark, 




lexC gene, the single-strand binding protein 
(SSB} (Meyer et al, 1979; Sancar & Rupp, 1979; Meyer 
e't al, 1980} augments the stoichiometric interaction 
+ of the reaA protein with single-stranded DNA and 
promotes the recombinational activities of the reaA+ 
protein (Flory & Radding, 1982}. Baluch et al 
(1980} suggested that the SSB protein is required for 
the stabilization and maintenance of DNA gaps after 
UV irradiation. Salles & Paoletti (1983} reported 
that the uvrA+ protein exerts a negative control on 
the reaA+ protein activity.because it effectively 
competes with reaA+ protein for binding to damanged 
DNA (Clark, 1980} • 
A comparative study of the induction of reaA+ 
protein and the concomitant occurrence of the 
other SOS events (Pollard et al, 1981) revealed 
the interesting finding that the amplification of 
reaA+ protein is not a prerequisite for the 
initiation of some sos events (Devoret, 1981) • The 
low constitutive levels of reaA+ protein in 
uninduced E. aoli cells are sufficient, given the 
+ appropriate inducing signal to activate the reaA 
protease, to derepress the entire SOS event (Bailone 
et al, 1979; Devoret, 1981). Devoret (1981} showed 
that both Weigle reactivation and prophage induction 




amplification of recA+ protein. 
The derepressed promotor of the recA gene is one 
of the strongest in E.coli (Sancar et al~ 1980; 
Salles & Paoletti, 1983}. The induced rate of 
synthesis of the recA+ protein (10 molecules per 
second for high UV doses} approaches the rate 
of the product of the tufA gene, one of two consti-
tuents of EF-Tu which is known to have the highest 
rate of synthesis in E.coli (equal to 34 molecules 
per second) (Pedersen et al~ 1978) • The promotor 
sequence of the recA gene displays many similarities 
to that of the strongest early promoters of phage 
TS. 
3.1.4.2 LexA gene and protein 
All the inducible SOS functions in E.coli seem to be 
·under direct or indirect control of the lexA+ protein, 
which in turn is subject to derepression by the 
activated recA+ protein. The lexA gene has been 
+ cloned and the lexA protein purified to near homo-
genicity by Horii et al (198la and 198lb}, Markham 
et al (1981) and Miki et al (1981}. The molecular 
weight of this repressor protein was found to be 
22 000 to 25 000 (Little & Harper, 1979; Brent & 





Nucleotide sequencing of the Z.exA gene revealed 
a regulatory region, followed by a translational 
open reading frame, which encodes for a polypeptide 
of 202 amino acids (Horii et aZ.~l98lb ;. Markham 
et aZ.~ 1981). The Z.exA+ protein is catalytically 
cleaved into two polypeptides by the recA+ proteip 
in the presence of ATP and single-stranded DNA. This 
unique cleavage site is between Ala84 and Gly 85 near 
the centre of the Z.exA+ protein (Horii et aZ.~ 198la) • 
The amino acid sequences around the cleavage site 
of the Z.exA+ protein show strong homology with the 
cleavage sites of phage repressors (Horii et aZ.~ 
198la and 198lb) which are also cleaved into two 
fragments by activated recA protease (Roberts et 
aZ.~ 1979; Phizicky & Roberts, 1980). Horii et aZ. 
(198la) suggested that recA+ protease recognises 
specific amino acid residues and/or some secondary 
structure around the cleavage site, and that this 
may play an essential role in the co-ordinated 
expression of the SOS responses. 
The regulatory region of transcription initiation of 
the Z.exA gene (Horii et aZ.~ 198la and 198lb; Miki 
et aZ.~ 1981) shows considerable homology to that 
of the recA gene (Horii et aZ~ 1980; Sancar et aZ.~ 
1980; Little et at~ 1981) and the colicin El gene 





represent the lexA repressor binding sites. Each 
site comprises of 20 bp and is known as an "SOS box" 
and contains numerous inverted repeat sequences 
I 
(Little ~t al~ 1981; Miki et al~ 1981}. The "SOS 
boxes" include the common sequences CTG and CAG 
separated by 10 bases. These "boxes" have also been 
found in the regulatory regions of the uvrA and 
uvrB genes (Sancar & Rupp, 1982} and could explain 
their repression by the lexA gene product and their 
SOS damage-inducibility. The lexA gene has two 
adjacent "SOS boxes" (Little et al~ 1981) and exhibits 
negative autoregulation (Brent & Ptashne, 1981}. 
+ The lexA repressor appears to operate by excluding 
RNA polymerase from the promotor of the repressed 
gene (Little et.al~ 1981}. The lexA+ protein has 
less affinityfor the lexA operator than for the 
recA operator (Brent & Ptashne, 1981}, suggesting 
that as the ZexA+protein level builds up, the 
recA gene would be repressed faster than the lexA 
gene, ensuring proper repressor regulation of SOS 
functions when normal growth resumes. 
3.1.4.3 VvrA and uvrB genes and proteins 
+ The uvP -dependent excision repair is the most 
important system in E.coli for repairing pyrimidine 
dimers and other bulky DNA lesions causing major 
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helix distortions (Hanawalt et al, 1979; Lindahl, 
1982) • This ATP-dependent repair activity is 
catalyzed by the combined action of the products of 
the uvrA, uvrB and uvrc genes (Seeberg et al, 1976; 
Seeberg, 1978; Hanawalt et al, 1979), and the 
different subunits of the uvr+ endonuclease show no 
detectable endonucleolytic activity by themselves 
(Lindahl, 1982). The products of the uvr genes 
have previously been regarded as being constitutively 
expressed si~ce these enzymes can be easily detected 
in induced cells (Braun et al, 1976; Seeberg, 1978) 
and uvrA+ uvrB+-dependent excision repair is observed 
both in cells in which protein synthesis has been 
inhibited (Boyle & Setlow, 1970) and in reaA and 
lexA cells (Clark & Volkert, 1978). However, 
recent reports indicate that both the uvrA gene 
(Kenyon & Walker, 1981) and the uvrB gene (Fogliano 
· & Schendel, 1981) are in fact inducible by DNA 
damage in a reaA+ ZexA+-dependent fashion. The 
different uvr genes have also been cloned on 
small multicopy plasmids and the proteins purified 
to apparent homogenicity (Sancar et al, 1979, 198la 
and 198lb; Yoakum· & Grossman, 1981}. 
The uvrA gene codes for a monomeric protein of 
molecular weight 114 000 (Sancar et al, 198lb) . 




with ATPase activity which shows preferential 
affinity for UV-irradiated (single-stranded) DNA 
(Seeberg, 1978; Kacinski et aZ, 1981). The high 
+ affinity DNA-binding complex formed between uvrA 
protein and ATP binds to the damaged region and 
then interacts with the uvrB+ and uvrO+ proteins 
I 
to catalyze chain cleavage and excision of dimers 
(Witkin, 1976; Seeberg, 1981; Lindahl, 1982) • The 
size of the helical region destabilized by uvrA+ 
protein binding determines the patch size of the 
region subsequently excised (Lindahl, 1982). 
The uvrB gene product can be induced by UV irra-
diation (Fogliano & Schendel, 1981) and nalidixic 
acid, but shows very little mitomycin C inducibility 
(Kenyon & Walker, 1981). Sancar et aZ (198la) 
identified the uvrB+ gene product as a polypeptide 
of 84 000 molecular weight, which directly interacts 
with the uvrA+ protein and so binds tightly to single-
stranded DNA, even though by itself the protein does 
not bind to DNA (Kacinski & Rupp, 1981) • Sequencing 
of the regulatory region of the uvrB operon has 
revealed three promotor sequences within this DNA 
segment (Sancar et aZ, 1982) • There is a ZexA 
binding site in the P2 promotor region and both 
+ P2 and P3 operons are ZexA -repressed due to the 





reaches this repressor-operator complex. Derepression 
+ of the ZexA -controlled uvrB operons is first detected 
five minutes after UV exposure and the induced rate of 
synthesis of the uvrB gene product can reach five times 
the basal rate (Schendel et aZ, 1982) • 
The Pl promotor is ZexA+-independent and its significance 
has not yet been determined (Sancar et aZ, 1982) • This 
ZexA+-independent promotor appears to be relatively weak 
since Schendel et aZ (1982) showed that the ZexA+ protein 
can block up to 85% of the uvrB gene transcription. 
Sancar et aZ (198la), however, reported a ratio of uvrA+ 
protein to uvrB+ protein in reaA- cells of 1:7 and the 
constitutive expression of the ZexA+-independent operon 
may account for the production of this relatively high 
amount of uvrB+ protein (Sancar et aZ, 1982) • The 
constitutive production of the protein may be required 
for other cellular processes besides excision repair 
(Lindahl, 1982) since a poZA uvrB mutant is nonviable 
while a viable poZA uvrA mutant has been constructed 
(Shizuya & Dykhuizen, 1972; Morimyo & Shimazu, 1976). 
Mutations in the uvrA and uvrC genes do not signifi-
cantly alter the synthesis of the uvrB+ protein, either 
before or after UV exposure (Schendel et aZ, 1982) • 





+ + inducibility of both uvrA and uvrB genes, Schendel 
et al (1982) suggested that the uvrC operon may also 
be inducible, although no evidence for this has yet 
been found. Yoakum & Grossman (1981) reported that 
the molecular weight of the uvrC gene product is 68 000, 
while Seeberg (1981) found that the expression of the 
cloned uvrC gene ·leads to the production of two poly-
peptides,one of molecular weight 30 000 and another 
of molecular weight 70 000. 
From E.coli a protein with molecular weight of 
approximately 12 000 is isolated which is produced 
in normal amounts in uvrC mutants but appears to 
be missing from uvrA and uvrB mutants. This protein 
is referred to as uvr.A_,B endonuclease and may be 
inducible (Braun & Grossman, 1974; Grossman et al_, 
1975; Braun et al_, 1976). + The uvrA_,B endonuclease 
is ATP-independent, is active in the presence of 
EDTA, binds to irradiated DNA and although it is 
believed to act on many diaduct forms of damage, 
it preferentially releases dimers from UV-irradiated 
DNA in conjunction with exonuclease Vll (Braun et 
al_, 1976) • The relationship between the small ATP-
+ independent endonuclease and the uvrABC complex 




The excision of dimers is not an appropriate 
+ criterion upon which to judge whether the uvrA 
+ and uvrB operons are induced in an organism or not, 
since these gene products only produce incisions at 
dimer sites (Seeberg et aZ, 1976; Seeberg, 1978). 
The rate-limiting dirner excision step depends on gene 
products such as the uvrC+ protein and DNA poly-
merase 1 protein (Cooper & Hanawalt, 1972b; Glickman, 
1974; Seeberg & Strike, 1976) which as yet have not 
been shown to be inducible (Ward & Murray, 1980). 
3.1.4.4 UmuC gene and protein 
Mutagenesis in E.aoZi is not a passive process but 
involves the active induction of an error-prone 
repair system in this organism following DNA damage. 
The 3'~s· exonuclease activity associated with pro-
caryotic DNA polyrnerases has a proof-reading 
function which excises incorrectly incorporated 3'-
terminal nucleotides. Villani et aZ (1978) postulated 
that DNA damage causes the induction of an inhibitor 
of the error-correcting exonucleolytic activity, which 
allows DNA replication to proceed past pyrimidine 
dimers at the expense of lower DNA replication fidelity 
(Devoret, 1981) • The inducible umuC gene product 
(Bagg et aZ, 1981) seems to be the most likely 




mechanism in E.aoli (Walker, 1978; Steinborn, 1979; 
Walker & Dobson, 1979). The umuC or uvm mutation 
+ + causes reaA ZexA bacteria to be non-mutable by UV 
irradiation and other DNA damaging agents, slightly 
UV-sensitive and deficient in their ability to 
carry out Weigle reactivation of irradiated phage. 
The plasmid pKM 101 containing the mua region 
(mutagenesis, UV, chemical) (Mortelmans & Stocker, 
1979) can suppress the umuC mutation and umuC mutant 
cells carrying this plasmid show enhanced mutagenesis 
following DNA damage. 
The umuC gene of E.aoli has recently been cloned and 
codes for two proteins of molecular weights 16 000 
(umuD+) and 45 000 (umuC+) , which are the same as 
+ the molecular weights reported for the muaA and 
+ muaB proteins, respectively (Walker & Dobson, 
1979; Perry & Walker, 1982). The muaC gene is 
under direct repressor control of the ZexA gene 
product and thus requires the protease activity of 
the reaA+ protein at the time of umuC+ induction 
(Bagg et al, 1981) • 
• 3.1.4.5 S[iA gene and protein 
Cell division in E.aoli is tightly coupled to DNA 





result in a rapid arrest of cell division (septation) 
and increased filamentation (Witkin, 1976). The 
+ + division inhibition is part of the PecA ~exA -
regulated SOS event (Howe & Mount, 1978 and 1979) 
and is due to the rapid induction of a cell division 
inhibitor, the sfiA gene product, following even 
minor perturbations of DNA replication (George et aZ~ 
1975; Huisman et aZ~ 1980a;Huisman & D'Ari, 1981; 
D'Ari & Huisman, 1982; Quillardet et aZ~ 1982). The 
sfiA operon is the most sensitive of the SOS operons 
to damage-inducing treatments and is used in a very 
sensitive chromotest for genotoxicity (Quillardet 
et aZ~ 1982) • Most genotoxins are inducers of the 
SOS response in bacteria and a sfiA:ZacZ Operon 
fusion in the tester strains gives a colorimetric 
quantitation of the amount of DNA damage done by the 
genotoxins. Mizusawa & Gottesman (1983) identified a 
~exA binding site ("SOS box") in the sfiA gene, which 
shares 18 to 20 bases of homology with the ZexA binding 
site of the PecA gene, and Huisman &~D'Ari (1983) showed 
that the ~exA protein is the exclusive regulator 
of sfiA gene expression. 
The target of the division-inhibiting sfiA gene 
product is the sfiB gene (George et aZ~ 1975; Gottesman 





in envelope growth (Huisman et al~ 1980b} • Several 
investigators found that the sfiB gene product is 
indispensable for normal cell growth and suggested 
that the sfiB gene may code for an essential 
division function (Huisman et al~ 1980b; Gottesman 
et al~ 1981; Mizusawa & Gottesman, 1983} • 
Lon (deg~ cap R) mutants filament extensively after 
DNA damage and also never recover the ability to 
continue normal cell division (Howard-Flanders et al~ 
1964} • The complex phenotype of Zan mutants includes 
the loss of the ATP-dependent protease La (Deg} 
activity (Chung & Goldberg, 1981), responsible for the 
degradation of certain abnormal proteins or protein 
fragments in the growing cell (Bukhari & Zipser, 1973; 
Gottesman & Zipser, 1978). George et al (1975) 
proposed that this protease normally rids the cell of 
the division-inhibiting sfiA+ protein once normal 
DNA replication resumes, and this was very recently 
proved to be correct (Mizusawa & Gottesman, 1983) • 
The sfiA+ system is not involved in the regulation 
of cell division during normal (unperturbed} growth 
and Huisman et al (1983) suggested that the primary 
function of the sfiA gene product is to prevent 
untimely division and the formation of DNA-less 
cells once DNA replication has been perturbed. The 






repair functions (Huisman et al~ 1980b). The sulA 
and sulB genes are allelic to the sfiA and sfiB genes 
(Gottesman et aZ~ 1981) since their phenotypes are 
indistinguishable and they map in the same region 
of the chromosome (Johnson & Greenberg, 1975; Johnson, 
1977; Huisman et aZ~ 1980b) • Mizusawa & Gottesman 
(1983) cloned the sfiA(suZA) gene and identified an 18 
kilodalton polypeptide as the product of the sfiA gene. 
3.1.4.6 HimA gene and protein 
Whereas the reaA+protein is a major component of 
general recombination pathways in E.aoZi, site-
specific recombination in this organism is dependent 
on the action of an 11 000-molecular weight protein, 
the himA gene product (Miller & Friedman, 1980; 
Miller & Nash, 1981). The site-specific recombina-
tion protein has a dual function in the E.aoli cell: 
it is a subunit of the integration host factor (IHF) 
required for integrative recombination by lambda 
DNA (Miller & Nash, 1981) (the 20 500 molecular 
weight IHF protein consistes of two polyp~ptides); 
it also regulates the efficient expression of the 
int and ai genes specific for the lysogenic response 
of lambda (Miller, 1981). In addition, the himA 
gene product appears to participate in the normal 
growth of bacteriophage Mu and the precise excision 
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of transposable antibiotic resistance determinants 
(Miller & Friedman, 1980). 
The himA gene product is induced to high levels by 
treatments such as UV irradiation and mitomycin C, 
-· and Miller et al (1981) showed that the himA gene is 
co-ordinately regulated by the ZexA gene product 
and its own gene product. They suggest that the himA 
gene is part of the inducible SOS response because 
of its function as an "acquisitionase" for new genetic 
•• 
material through site-specific recombination. Such a 
function enhances the survival capability of a cell 
population under conditions of environmental stress. 
We have previously reported the existence of the UV 
repair phenomena, LHR and phage reactivation, in the 
anaerobe B.fragilis (Jones & Woods, 1981; Slade et 
al, 1983b), but the presence, number and molecular 
weights of UV damage-inducible proteins in this 
anaerobe have never been reported. We investigated 
the induction of proteins by far-uv light in 
B.fragilis under anaerobic conditions, as well as 
the effect of the DNA repair protein inhibit@rs, 
caffeine and sodium arsenite on the induction of 
these UV proteins and on the survival of the 







MATERIALS AND METHODS 
Bacteria and media 
The studies on the induction of.proteins by far-UV 
irradiation were carried out on a B.fragilis Bf-2 
strain which has been described in section 2.2.1. 
BHI broth and agar, supplemented with hemin, mena-
dione and cysteine were used for bacterial propaga-
tion at 37°C. Prereduced one-quarter-strength 
Ringer solution was used as a dilution buffer 
(Jones & Woods, 1981). Irradiation and radioactive 
labelling of the cells were carried out in a 
defined minimal medium (Varel & Bryant, 1974) • All 
experiments were performed under stringent anaerobic 
conditions in an anaerobic glove cabinet (Forma 
Scientific, Marietta, Ohio) • 
3.2.2 UV irradiation 
Stationary phase overnight cultures of B.fragilis 
were obtained by subculturing a loopful of cells 
from a plate culture into BHI broth and incubating 
0 for 16 to 18 h at 37 c. These overnight cultures 
were diluted 100-fold into minimal medium and re-
incubated until the cultures reached a turbidity 





Samples (9 ml) of these cultures were irradiated 
in open glass petri dishes with a Fluotest Piccolo 
Hanau Quartz germicidal lamp which emitted the 
majority of its output at 254 nm. The cell 
suspensions were continuously agitated during 
irradiation. The dose rate was measured with a Blak-
Ray UV meter (model J-225; UV Products Inc., San 
Gabriel, Calif.) and samples were irradiated at a 
-2 -1 dose rate of 1,0 J m s Survival curves of 
cells irradiated with increasing fluences were 
determined and labelling experiments were routinely 
carried out with cultures irradiated to a survival 
level of c 0,1%. 
3. 2. 3 Postirradiation treatment and Utbelling 
Cell samples (2 ml) were removed from the irradiated 
culture and pulse-labelled for 10 min at 37°C by the 
addition of [ 35sJ methionine (40 ~Ci ml-1 ) at 
different time intervals after UV irradiation. The 
labelled methionine was supplied by The Radio-
chemical Centre, Amersham, England, and the final 
-1 concentration of methionine used was 10 ~g ml • 
The cells were collected by centrifugation with a 
microfuge, washed twice with the Ringer solution 
and resuspended at a 20-fold concentration of the 
original sample volume in electrophoresis buffer 
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containing sodium dodecyl sulphate (SDS) . The 
samples were then boiled for 2 min and either 
resolved immediately by polyacrylamide gel electro-
phoresis (PAGE) or stored at -20°C until required . 
Effect of caffeine and sodium arsenite 
The effect of the DNA repair protein inhibitors, 
caffeine and sodium arsenite, on the production of 
UV-induced proteins and on the survival of B. 
fragilis .cells before and after irradiation were 
determined.The minimal inhibitory concentrations 
. -1 
for caffeine and sodium arsenite were 2,5 mg ml 
-1 and 130 ~g ml , respectively. Caffeine (1 mg 
-1 -1 
ml ) or sodium arsenite (100 ~g ml ) was added 
to the broth cultures immediately after UV irra-
diation. In order to study the effect of the 
inhibitors on the survival of the cells, the 
cultures were either plated directly onto BHI agar 
plates containing the inhibitors or were treated 
with the inhibitors for specific time intervals 
before the inhibitors were diluted out and the 
surviving cells plated onto BHI agar plates in 





Electrophoresis and autoradiography 
The labelled proteins were subjected to discon-
tinuous SDS - 8,4% PAGE according to the methods 
described by Laemmli (1970) and O'Farrell (1975). · 
Some of the basic solutions described by O'Farrell 
were slightly modified and these modifications 
are described in Media and Solutions (Appendix I). 
The samples (20 ~1 per lane) were stacked at 100 V 
and then resolved either on 0,5 x 140 x 170 mm slab 
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gels at 80V for 7 h at room temperature, or on 0,75 mm-
thick Hoefer slab gels at 30mA per gel for 2,5 h at 
4°c. The gels were stained with Coomassie brilliant 
blue (0,05%, wt/vol), destained, washed three times 
with distilled water and then dried onto Whatman 
No.1 filter paper under heat-vacuum. In order to 
increase the elasticity of the gels and so minimize 
mechanical damage to the gels during the drying 
process, 1% glycerol was added to the final wash. 
Some of the dried gels were treated with En3Hance 
(New England Nuclear) according to the manifac-
turer's specifications before the gels were exposed 
to X-ray film. Labelled protein bands were 
visualized by exposing the dried gels to Kodak 
X-Omat MA X-ray film at -20 C for 21 to 28 days 




The molecular weights of the newly induced UV 
proteins were calculated by comparing their 
electrophoretic mobility with that of protein 
standards of aqcurately known molecular weights. 
Molecular weight marker proteins were supplied by 
BDH Biochemicals Ltd. (Poole, England) and consisted 
of cross-linked polymers of a purified degradation 
product of myoglobin with a molecular weight range 
from 14 300 to 71 500. Purified human transferrin 
(molecular weight of 90 000; Sigma Chemical Co., 
St Louis, Mo.) was used as an additional marker. 
The autoradiograph strips were scanned with a Beckman 
Du-8 spectrophotometer with a gel scanner attachment. 
3.3 RESULTS 
3.3.1 UV induction of proteins 
B.fragilis cells irradiated in minimal medium at a 
fluence of 75 J m- 2 showed a level of survival of 
0,1%. Under these conditions, filament formation 
or clumping did not occur and did not cause a 
sampling problem in the labelling experiments. The 
incorporation of [ 35s] methionine into irradiated 
cells (0,1% survival) was linear over 10 min. 






95 000 {protein 1) and the induced synthesis of 
two other proteins with molecular weights of 90 000 
and 70 000 (proteins 2 and 3, respectively). were 
observed after UV irradiation of B.fragiZis cells 
under anaerobic conditions in 11 independent experi-
ments {Fig 3.1 and 3.2). The 90 000- and 70 000-
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molecular weight protein (proteins 2 and 3, 
respectively) were synthesized in small amounts in un-
irradiated cells. Densitometric comparison of [
35s] 
methionine-labelled protein bands after SDS-PAGE 
of extracts from irradiated and unirradiated cells 
indicated that except for protein 1, 2 and 3, the 
proteins showed relatively minor variations after 
UV irradiation (Fig 3.2). The induction of a 
protein with a molecular weight between 37 000 and 
40 000 was not observed in any of the 11 different 
UV irradiation and autoradiograph experiments. 
Kinetics of induction 
There was a rapid increase in the amount of proteins 
1, 2 and 3 (molecular weights of 95 000, 90 000 and 
70 000, respectively) over a 35-min period after UV 
irradiation (Fig 3.1). After the maximum level of 
induction was reached, as judged by the intensity 
of the autoradiograph bands, the proteins decayed 







FIG 3.1 SDS-PAGE of extract s of far-UV-irradiated 
B.fragiZis cells. The lanes represent: unirradiated 
cells (A) and irradiated cells labelled immediately (B), 
15 min (C), 25 min (D), and 35 min (E) after irradiation. 
MW, Molecular weight (103). The arrows (1, 2 and 3) 










FIG 3.2 Densitometric comparison of [35s] methionine-
labelled protein bands after SDS-PAGE o£ extracts 
of far-UV-irradiated (a) and unirradiated (b) B.fragiZis 
cells. Cells were irradiated to a survival level 
of 0,1% and labelled for 10 min at 15 min after 
UV irradiation. The UV light-induced bands of molecular 
weight 95 000, 90 000 and 70 000 are indicated by 





The UV-induced protein 1 {molecular weight 
95 000) was no longer detectable after 100 min of 
broth incubation following UV irradiation, while 
the levels of proteins 2 and 3 (molecular weights 
90 000 and 70 000, respectively) at this time 
interval were similar to that in uninduced cells 
(Fig 3.3). The rate of synthesis of these induced 
proteins was dependent on the total UV fluence, 
but was .independent of the dose rate at which the 
cells were irradiated {unpublished results). 
3.3.3 Effect of caffeine and sodium arsenite 
We previously,observed that caffeine inhibited LHR 
{Jones & woods, 1981) and phage reactivation {Slade 
et aZ, 1983a and 1983b;·J.R.Parker, personal 
communication) • Sublethal concentrations of 
caffeine caused a marked decrease in the number of 
colony-forming units after UV irradiation under 
anaerobic conditions (Fig 3.4). Similar results 
were obtained by Jones et aZ (1980) • In these 
experiments the irradiated B.fragiZis cells were 
plated onto caffeine-containing (1 mg ml-1 ) agar plates 
immediately after UV irradiation. The most pro-
nounced effect of caffeine involved the reduction 
in size of the shoulder of anaerobic UV survival 














FIG 3.3 Densitometric comparison of [35s] methionine-
labelled protein bands after SDS-PAGE of extracts 
of far-UV irradiated B.fragiLis cells. Cells irradiated 
to a survival level of 01 1% and labelled for 10 min 
at 35 (a), 60 (b), and 100 min (c) after UV irradiation. 
The UV light-induced proteins of molecular weight 
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FIG 3.4 The effect of caffeine and sodium arsenite 
on the survival of B.fragilis cells irradiated with 
increasing UV fluences. Cells irradiated anaerobically 
and plated 
with sodium 
{1 mg ml-1) 
onto brain heart infusion agar plates 
arsenite { 100 ]Jg ml-1) {0), caffeine 






on the effect of caffeine on irradiated cells in 
minimal medium showed a rapid inhibition of colony 
formation, followed by a slow decrease in viability 
(Fig 3.6). Unirradiated cells were relatively 
-1 unaffected by the presence of 1 mg ml caffeine • 
The addition of caffeine immediately after UV irra-
diation specifically inhibited the induction of the 
95 000-, 90 000- and 70 000-molecular weight proteins 
(proteins 1, 2 and 3 respectively) (Fig 3.5). 
After treatment with caffeine, the 95 000-molecular 
wei~ht protein was absent, and the concentrations of 
the 90 000- and 70 000-molecular weight proteins 
were similar to those in unirradiated cells. The 
addition of caffeine 15 min after UV irradiation had 
no effect on the induction of proteins 1, 2 and 3 
(molecular weights 95 000, 90 000 and 70 000, 
respectively) (unpublished results) • 
When cells were plated onto sodium arsenite plates 
{ 100 )..lg · ml-l) after irradiation under anaerobic 
conditions, no decrease in the number of colony 
forming units occurred (Fig 3.4). Time course 
viability studies showed only a slight decrease in 
the rate of colony formation over 90 min after the 
addition of sublethal concentrations of sodium arsenite 







FIG 3.5 Effect of caffeine and sodium arsenite 
on the induct i on of proteins by far-UV light in 
B.fragi l is . SDS-PAGE of extracts of unirradiated 
cells (lane A) and irradiated cells labelled 15 min 
after irradiation (lane B) • Sodium arsenite (100 ].lg 
• ml- 1 ) (lane C) and caffeine ( 1 mg ml- 1 ) (lane D) were added immediately after irradiation, and the 
cells were held for 15 min before labelling. MW, 
Molecular weight (103). The arrows ( 1 1 2 and 3) 
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FIG 3.6 The effect of caffeine and sodium arsenite 
on the viability of unirradiated (a) and far-UV 
irradiated (b) B.fragilis cells. Unirradiated anaerobic 
cells incubated with caffeine ( 1. mg ml -1) ( 6.) 1 
sodium arsenite (100 ~g ml- 1 ) (0) and without any 
inhibitors ( e). (b) Cells irradiated to a survival 
level of 1 1 5% and incubated with caffeine ( 1 mg ml-
1 ) 
( 6.) 1 sodium arsenite ( 100 l-19 ml-1) ( 0) and without . 








cultures (Fig 3.6). The addition of 100 ~g ml-l 
of sodium arsenite immediately after UV irradiation 
did not affect the production of the three uv-
induced proteins (Fig 3.5). 
3.4 DISCUSSION 
Exposure of B.fragilis cells to far-UV light resulted 
in the induction of one novel protein (molecular 
weight 95 000) and the increased synthesis of two 
proteins (molecular weights of 90 000 and 70 000) 
which were synthesized in small amounts in un-
irradiated cells (Schumann et al, 1982} . It is 
tempting to associate the greatly enhanced synthesis 
of these three proteins with the need for protein 
synthesis in the period subsequent to irradiation 
and thus to attribute to these proteins a role 
in the process of DNA repair. We have previously 
reported various far-UV-induced repair systems in 
the anaerobe B.fragilis (Jones & Woods, 1981; 
Slade et al, l983b) • 
Direct comparison with other organisms can be quite . 
complex since there is no assurance that a protein 
with similar function has the same molecular weight, 
nor that it is regulated in the same way. Comparison 








tive in the case of the anaerobe B. fragi lis ·for 
which no UV-sensitive or -resistant mutants have 
as yet been isolated. 
· The action of DNA repair protein inhibitors on 
the induction of the three proteins in B.fragiZis 
is very interesting. The addition of sublethal 
concentrations of caffeine to irradiated B.fragiZis 
cells under anaerobic conditions inhibited the 
induction of the three UV-inducible proteins; it 
also inhibited LHR (Jones & Woods, 1981) and phage 
reactivation (Slade et aZ~ 1983a and 1983b) in this 
organism, and caused the reduced survival of uv-
irradiated B.fragiZis cells. On a molecular level 
caffeine inhibited UV-induced DNA degradation and 
the subsequent synthesis of DNA in irradiated B. 
fragiZis cells (Chapter 2). + In E.coZi the uvr-
dependent functions of excision repair and HCR are 
inhibited by caffeine (Rupert & Harm, 1966; Setlow, 
1967; Fong & Bockrath, 1979; Rothman, 1980). Two 
of the E.coZi uvr+ proteins, uvrA+ (Kenyon & 
walker, 1981). and uvrB+ { Fogliano & Schendel, 1981) , 
were recently shown to be inducible. UV survival . 
and the induction of the three UV-inducible proteins 
were not affected by sodium arsenite in B.fragiZis; 
sodium arsenite is thought to inhibit recA+-dependent 









that the three inducible proteins may be involved 
in excision repair processes in B.fragilis. 
The anaerobe B.fragilis differs from E.coli in that 
a protein of molecular weight between 37 000 and 
40 000, corresponding to the E.coli recA+ protein 
is not observed after induction by far-uv light. The 
absence of such an inducible protein does not, 
however, exclude the possibility that a protein with 
+ a similar recA -type function has a higher molecular 
weight in B.fragilis or that arecA-type protein 
is produced constitutively in B.fragilis at low 
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basal levels undetectable by PAGE. The low basal levels 
of reaA+ protein constitutively present in uninduced 
E.coli cells are sufficient for recBC-dependent 
general recombination. A constitutively active 
recombinational pathway is also responsible for 
70% of the postreplicative gap-filling in 
irradiated Micrococcus Zuteus cells (Tomilin & 
Zherebtsov, 1982; Zherebtsov & Tomilin, 1982}. 
There is some doubt about the inducibility of a 
recA+-type protein in Haemophilus influenzae as 
well, since Kimball et aZ (1977) failed to detect 
enhanced postreplication repair in H.influenzae 
cells subjected to low UV doses. 







E.coli does not require the induced synthesis 
of the recA+ protein, and the results of Thompson 
& Hart (1981) on Weigle reactivation and UV muta-
genesis in Staphylococcus aureus were also thought 
to be compatible with a hypothesis of DNA repair in 
which recA+ protein is constitutively present in the 
cells. Inducible excision repair, however, appears 
to be an important component of the Weigle 
reactivation system in E.coli(Cooper, 1981). 
Weigle-type reactivation of UV-irradiated phage has 
recently been demonstrated in B.fragilis cells 
(Slade et al, 1983b) and this repair phenomenon 
was inhibited by the addition of sublethal con-
centrations of caffeine (J.R. Parker, personal 
communication) • 
The low constitutive level of recA+ protein 
in E.coli cells is also sufficient to derepress 
SOS operons, given the appropriate inducing 
treatment to activate its protease activity 
(Bailone et al, 1979; Devoret, 1981). In E. 
coli DNA degradation products generated after 
UV irradiation of the cells, serve as effective 
inducing signals for the initiation of SOS events 
(Oishi et al, 1978 and 1981). Anaerobic UV 
irradiation of B.fragilis cells caused extensive 








extent of DNA degradation correlated well with 
the maximum induction of the three UV proteins. 
There is therefore no firm evidence against the 
possible existence of a reaA-type protein in B • 
fragitis but it is, however, very interesting 
that the mapping of the B.fragitis chromosome by 
chromosome mobilization has been unsuccessful and 
confirmation of a true prophage relationship in 
this organism is also lacking. Furthermore, 
the only reports to date of chromosomal recom-
bination in B.fragitis involve antibiotic 
resistant elements which resemble transposition 
elements, and site-specific recombination (Mays 
et at, 1982). Site-specific recombination in 
.E.coti is facilitated by the damage-inducible 
himA protein (Miller et at, 1981), which is also 
responsible for the precise excision of trans-
posable antibiotic resistance determinants 
(Miller & Friedman, 1980) • The resolution 
limitations of an 8,4% - SDS polyacrylamide gel 
system prevented the observation in B.fragitis 
cells of an 11 000-molecular weight protein similar 
to the himA protein of E.coti (Miller & Nash, 1981) • 









allow the detection of an 18 000-molecular weight 
protein similar to the E.aoli sfiA+ protein. Although 
no detailed characterization of UV-induced filamentation 
in B.fragilis has yet been carried out, filamentation in 
this organism differs from that in E.aoli in that it is 
fluence-dependent and B.fragilis filaments always 
contain a certain number of septa (Jones, 1979; Jones & 
Woods, 1981). The sifA+-dependent regulation of cell 
division in E.aoli is UV fluence-independent and the 
induction of this protein is triggered by even minor 
perturbations of DNA replication (Quillardet et aZ, 
1982) • 
Induced mutagenesis (error-prone repair) in ,E.aoli 
is not only due to a functional reaA protein (Hanawalt 
et aZ, 1981) but also appears to require the SOS-induced 
+ production of the 45 000-molecular weight umuC protein 
(Bagg et al,1981; Perry & Walker, 1982), which is 
postulated to inhibit the error-correcting 3' + 5' 
exonucleolytic activity of bacterial polymerases 
(Villani et al, 1978; Devoret, 1981). A 45 000-
molecular weight protein was not induced by UV irrad-
iation in B.fragilis cells under anaerobic conditions, 
and B.fragilis is notoriously difficult to mutate by 
far-UV irradiation. The inability to sustain uv-
induced mutations in Miaroaoaaus radiodurans (Sweet 








et al, 1977) and in Proteus mirabilis (Hutchinson & 
Medill, 1954; Bohme, 1964) has been linked to the lack 
of error-prone repair system in these organisms. The 
failure to isolate UV mutants in spite of an intensive 
screening programme, suggests that B.fragilis may also 
lack an error-prone repair system. 
The kinetics of induction and half-lives of the three 
UV-proteins in B.fragilis cells correlate well with 
that of the SOS functions induced in E.coli. The 
production of the UV-induced proteins in B.fragilis 
increased over a 35-min period, whereas the average 
time required for SOS functions in E.coli to reach a 
maximum level of induction is approximately 30 min 
(Witkin, 1975) • UV mutagenesis and Weigle reactivation 
in E.coli decay with a half-life of 30 min once the 
optimum level is achieved (Witkin, 1976); the half-
lives of the induced B.fragilis proteins were about 
20 min and the levels of these proteins were similar 
to that in uninduced cells after 100 min under non-
inducing conditions. 
Although it could be speculated that the three uv-
inducible proteins in B.fragilis are associated with 
the occurrence of far-UV-irradiated repair phenomena 
observed in this organism, studies with suitable 






capabilities are essential to clarify the functions 









THE EFFECT OF OXYGEN AND HYDROGEN PEROXIDE 
ON NUCLEIC ACID AND PROTEIN SYNTHESIS IN 
UNIRRADIATED AND UV-IRRADIATED 
BACTEROIDES FRAGILIS CELLS 
4.1 INTRODUCTION 
Oxygen is toxic to all living organisms (Haugaard, 
1968; Gottlieb, 1971), but microorganisms differ in 
their sensitivity to oxygen and a continuous spectrum 
of oxygen tolerance, from the most strict anaerobe to 
the least sensitive hyperaerobe, can be discerned 
(Morris, 1976). The obligate anaerobes as a group 
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have drawn the attention because of their adverse 
sensitivity to molecular oxygen, but despite extensive 
research, the physiological and biochemical nature of 
oxygen toxicity in anaerobes remains poorly understood . 
There are two main hypotheses which suggest that either 
molecular oxygen itself is the toxic agent by virtue 
of its excellence as an. oxidant, or that oxygen exerts 
its toxic effects via oxygen free radicals produced 
during the interaction of oxygen with organisms and/ 
or components in their culture media. Comprehensive 
reviews on the physiology of obligate anaerobes and 
their relationship with oxygen have been published 







Irreparable damage to DNA is thought to be one of 
the main causes of loss of viability in microorganisms. 
B.fragilis has been described as a moderate anaerobe 
because it can withstand exposure to air for at least 
60 min without loss of viability (Loesche, 1969) • 
Stevenson (1979) and Glass et al (1979) reported 
that macromolecular synthesis in Bacteroides theta-
iotaomicron and Bacteroides ruminicola is inhibited 
immediately after exposure to oxygen. No studies 
on the kinetics of macromolecular synthesis in 
B.fragilis cells in the presence of oxygen have been 
reported. 
An interesting finding is that oxygen sensitizes 
B.fragilis cells to the far-UV irradiation (Jones 
et al, 1980). In all other bacteria studied so far, 
inactivation by far-UV light is independent of the 
presence of oxygen (Zetterberg, 1964; Webb & Lorenz, 
1970; Peak et al, 1973; Webb, 1977; Peak et al, 1981). 
However, it was found that oxygen sensitizes bacterial. 
cells to killing by ionizing radiation by modifying 
the chemical nature of the radiation-induced DNA 
lesions and so affecting the amount of repair 
that can be brought about by the various enzyme 
repair systems (Johansen et al, 1974; Koch & Painter, 
1975; Tallentire, 1981). In B.fragilis oxygen does 





produced by UV radiation (Jones & Woods, 1981) and 
Slade et aZ (1981) found that the cells are more 
sensitive to UV radiation in the presence of oxygen 
rather than to oxygen after irradiation. The effect 
of both oxygen and UV irradiation on macromolecular 
synthesis in B.fPagiZis (or any other anaerobe) has 
not been reported as yet. 
4.1.1. The chemistry and biochemistry of oxygen and oxygen 
radicals 
Molecular oxygen usually exists in its kinetically 
inert ground state which is called triplet oxygen. 
The triplet oxygen has limited biological activities 
(Fridovich, 1978; McCord, 1979; Fee, 1981) and is 
also relatively insoluble in aqueous media (Brown, 
1970). Oxygen, however, possesses the potential 
of being a powerful oxidising agent in biological 
redox reactions. It has two outer orbitals with 
only one unpaired electron each and can thus 
accommodate an additional electron in each orbital. 
Complete reduction of oxygen to water requires four 
electrons and preferentially occurs via an univalent 
reduction process (Badwey & Karnovsky, 1980). 
4.1.1.1 Superoxide 







produces two very damaging oxygen radicals, the 
superoxide radical in its ionized form and the 
hydroxyperoxy radical in its protonated form. The 
more powerful oxidizing form, the hydroxyperoxy 
radical, is only present in very small amounts at 
physiological pH values around 7,4 (Halliwell, 1982). 
Fluxes of superoxide anions are generated by various 
photochemical and enzymatical methods. Reduced 
flavins, flavoproteins, quinones, thiols, iron 
sulphur proteins and tetrahydropteridine can all 
reduce molecular oxygen to superoxide (Morris, 
1976) • Superoxide is also a transient product of 
normal aerobic respiration (Fridovich, 1975). 
Phagocytic leukocytes and activated macrophages 
produce superoxide anions during greatly enhanced 
respiratory bursts in order to destroy ingested 
particles.and to achieve the nonphagocytic lysis 
of tumour cells (Badwey & Karnovsky, 1980; Wilson 
et al, 1980). Both the para-quinone streptonigrin 
(Fridovich, 1974) and the redox dye paraquat (I,I'-
dimethyl-4,4'-bipyridinium-dichloride) (Farrington 
et aZ, 1973; Hassan & Fridovich, 1978 and 1979) 
cause a decrease in viability of bacteria in 
aerobic media by their ability to increase the 
intracellular flux of superoxide radicals (Moody 
& Hassan, 1982) • The pronounced oxygen effect 





S.typhimurium is also due to its ability to generate 
superoxide radicals (Moody & Hassan, 1982). 
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Superoxide anions may be productively utilized by 
aerobic bacteria in controlled hydroxylation reactions, 
but the uncontrolled generation and accumulation of 
superoxide radicals leads to serious damage of vital 
cell components (Morris, 1976). Superoxide radicals 
are more soluble in organic solvents than in water 
and tend to be concentrated in the lipophilic interior 
of cell membranes. There they can deacylate phospho-
lipids by a nucleophilic attack upon ester bonds, and 
oxidize tocopherols, so destroying one of the membrane's 
defences against lipid peroxidation (Halliwell, 1982). 
The induced peroxidation of membrane lipids leads to 
a loss of membrane potential, increased leakiness and 
decreased membrane fluidity. Superoxide radicals are 
also capable of oxidizing bile pigment and enzyme-
bound NADH (Bielski & Chan, 1976; Fridovich, 1981; 
Halliwell, 1982). They can destroy tryptophan residues 
in proteins (Green & Crusov, 1968), depolymerize acid 
polysaccharides and oxidize labile -SH groups in the 
cell (Halliwell, 1982). A biologically important 
damaging action of superoxide radicals is that they 
can cause single-strand breaks in DNA (Moody & Hassan, 
1982) either directly or by the secondary production 





Superoxide radicals can be removed from the system 
by the pH-dependent spontaneous dismutation of two 
superoxide radicals to form hydrogen peroxide and 
molecular oxygen (Badwey & Karnovsky, 1980). 
Superoxide radicals cannot accept electrons directly 
because of the instability of the peroxy ion, but 
they can effectively oxidize metal ions and thus 
react as oxidizing agents via metal-superoxo 
complexes. 
4.1.1.2 Hydrogen peroxide 
Hydrogen peroxide is one of the most stable oxygen 
radicals and can accumulate appreciably in neutral 
aqueous media. It is produced in most aerobically 
grown cells (Lemberg & Legge, 1949) through the two-
electron reduction of oxygen, generally mediated by 
reduced flavoproteins (Malmstrom, 1982). 
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Hydrogen peroxide is almost ubiquitous in autoclaved 
culture media exposed to air. The heating of glucose 
and phosphate together in culture media produces inter-
mediates which generate hydrogen peroxide upon aeration 
of the media (Carlsson et al, 1978). The oxidation of 
the thiol group of the cysteine present in anaerobic 
media also produces hydrogen peroxide when the culture 




An increased yield of single-strand DNA breaks and 
enhanced lethality were observed in E.coli (Pollard 
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& Weller, 1967; Ananthaswamy & Eisenstark, 1977; 
Hartman & Eisenstark, 1978; Carlsson & Carpenter, 
1980), S.typhimurium (Yoakum & Eisenstark, 1972; 
Carlsson & Carpenter, 1980), and T7 phage (Ananthaswamy 
& Eisenstark, 1976) , after treatment with hydrogen 
peroxide. Hydrogen peroxide affects isolated DNA 
by altering the DNA so that all four bases are 
liberated (Uchida et al~ 1965; Yamafugi & Uchida, 
1966; Freese et al~ 1967; Rhaese & Freese, 1968; 
Massie et al~ 1972). All studies on isolated DNA, 
however, were carried out using relatively high 
concentrations of hydrogen peroxide (0,05 to O,I M) 
and long periods o~ incubation in the presence of . 
ferrichloride. In heat-treated bacteria hydrogen 
peroxide appears to interfere with the ability of 
the cells to recover after stress (Martin et al~ 
1976; Brewer et al~ 1977; Flowers et al~ 1977; 
Rayman et al~ 1978). It also displays a synergistic 
effect with near-UV and Hartman & Eisenstark (1978) 
proposed that hydrogen peroxide decreases recA+ 
-dependent repair of the induced DNA damage. The 
latter synergism was thought to be specific for 
near-UV (Hartman & Eisenstark, 1978) , but Bayliss 
& Waites (1979} found that the simultaneous treatment 





and hydrogen peroxide resulted in a 2 000-fold greater 
kill than that produced by irradiation alone or followed 
by a treatment with hydrogen peroxide. This synergism 
was not due to the hydroxyl radicals formed during the 
decomposition of hydrogen peroxide by UV irradiation, 
since hydroxyl radical quenchers failed to protect 
the spores. 
Additional damage attributable to hydrogen peroxide 
includes the inhibition of key enzymes involved in 
energy metabolism and a repairable injury affecting 
cell division in Serratia marcescens (Campbell & 
Dimmick, 1966), paralysis of the respiratory chain 
in E.coZi (Frey & Pollard, 1968) and some hydrogen 
peroxide-induced D~A degradation in E.coZi (Keller 
& Pollard, 1977). 
4.1.1.3 Hydroxyl radicals 
The hydroxyl radical is the most reactive of the 
various oxygen radicals and this very potent oxidizing 
agent can attack all of the organic substances in the 
cell. Hydroxyl radicals are capable of indiscrimin-
ately reacting with and damaging nucleic acids (Cadet 
& Teoule, 1978; Ito, 1978; Lynch & Fridovich, 1978; 
Totter, 1981). They abstract hydrogen atoms from 





pyrimidines at a rate constant close to the limit 
set by diffusion. Hydroxyl radicals can initiate 
lipid peroxidation of membranes by hydrogen atom 
abstraction from unsaturated lipids (Badwey & 
Karnovsky, 1980) and can also augment the yield of 
singlet oxygen by reacting with superoxide anions. 
The hydroxyl radical is formed through the action 
of ionizing radiation on cells (Blok & Verhey, 1968; 
Achey & Duryea, 1974; Ewing, 1981}, the decomposition 
of hydrogen peroxide by UV radiation, and by the 
ferric ion-catalyzed reaction between superoxide and 
hydrogen peroxide (Haber & Weiss reaction, proposed 
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in 1934; Beauchamp & Fridovich, 1970). This last 
reaction was found to be a commonplace event in any 
aerated system where significant amounts of hydrogen 
peroxide accumulate (Morris, 1975) and many supporters 
of the superoxide theory have settled on this reaction 
as the molecular basis of oxygen toxicity (Fee, 1982}. 
4.1.1.4 Singlet oxygen 
Singlet oxygen represents an electronically excited 
state of triplet oxygen in which the two outer 
electrons achieve antiparallel spin, either in the 
same orbital or in separate orbitals (Morris, 1975 







means, as well as through the action of certain 
enzyme systems. 
Singlet oxygen can react in a strong electrophilic 
fashion with molecules like DNA which possess high 
electron densities (Cadet & Teoule, 1978; Lynch & 
Fridovich, 1978). It is proposed to add dienes and 
unsaturated ring compounds to purines and pyrimidines 
(Kearns & Khan, 1969) and the susceptibility of the 
four DNA nucleotides to oxidation by singlet oxygen 
decreased in the order dG>>dT>dC~dA. Although 
singlet oxygen is rapidly quenched by water (Hewitt 
& Morris, 1975; Morris, 1976), it would not be 
solvated so easily in the hydrophobic lipid/protein 
cell membranes and could react directly wi~h poly-
unsaturated fatty acids to form hydroperoxide 
(Halliwell, 1982). 
Survival of anaerobes in oxygen 
Although anaerobes differ markedly in their sensi-
tivity to oxygen (Fredette et al, 1967; Loesche, 1969; 
Tally et al, 1975; Walden & Hentges, 1975; Rolfe et al 
1977 and 1978), the presence of molecular oxygen 
inhibits growth of all obligate anaerobes (Loesche, 
1969; O'Brien & Morris, 1971; Walden & Hentges, 1975, 






& Samah, 1978; Samah & Wimpenny, 1982) and prolonged 
exposure to oxygen invariably leads to cell death. 
Obligate anaerobes were divided into two groups by 
Loesche {1969): strict anaerobes which are unable to 
grow on plates when there' is more than 0,5% oxygen 
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in the atmosphere, and moderate anaerobes which can 
grow on plates in the presence of 2 to 5% oxygen. 
Certain factors may, however, affect the classification 
of anaerobes into the different groups: several strict 
anaerobes may become more aerotolerant after two to 
three subcultures nHllis, 1969) and cells in exponential 
phase in batch growth are usually more oxygen-sensitive 
than cells in stationary phase {Morris, 1976; Jones 
e t a Z, l 9 80) • 
The physiological basis of the growth inhibitory and 
often lethal effect of oxygen is not fully understood. 
The response of anaerobes to oxygen can be divided 
into two phases: a reversible bacteriostatic phase 
during which growth of anaerobes is inhibited, and a 
second bactericidal phase during which the primary 
defences on the cell are overwhelmed and cell death 
ensues {Morris, 1975). 
4.1.2.1 Bacteriostatic phase 




several anaerobes can withstand considerable exposure 
to oxygen without significant losses in viability and 
these organisms can recover totally and rap~dly if 
anaerobic conditions are restored without undue delay 
(Loesche, 1969; O'Brien & Morris, 1971; Onderdonk et 
aZ 3 1976). O'Brien & Morris (1971) found that net 
DNA, RNA and protein synthesis are inhibited conco-
mitantly with growth inhibition in aerated Clostridium 
acetobutyZicum cells. Growth and the synthesis of 
the macromolecules resume at their normal rates when 
C.acetobutyZicum cells are restored to anaerobic 
conditions. 
Several primary defence mechanisms are involved in 
the protection of anaerobes against oxygen damage 
during this first bacteriostatic phase: 
4.1.2.1.1 Radical scavenging enzymes 
The oxygen free radical scavenging enzymes, catalase 
and superoxide dismutase, are present or are induced 
in many anaerobes on exposure to air (Holdeman & 
Moore, 1972; Hewitt & Morris, 1975; Carlsson et aZ 3 
1977; Ashley & Shoesmith~ 1977; Tally et aZ 3 1977; 
Gregory et aZ 3 1978). These enzymes remove hydrogen 
peroxide, superoxide radicals and singlet oxygen from 





attack and damage cellular constituents. The anaerobe 
Peptostreptococcus anaerobius lacks both catalase and 
superoxide dismutase, but a NADH oxidase enzyme which 
reduces oxygen to water is induced in this organism 
in the presence of oxygen (Hoshino et al~ 1978). 
Selenomonas ruminantium (Samah & Wimpenny, 1982) and 
C.acetobutylicum (O'Brien & Morris, 1971) also possess 
oxygen-inducible NADH oxidases which markedly enhance 
oxygen reduction upon exposure of these organisms to 
oxygen. Lactobacillus plantarum does not possess 
any of the defensive enzymes, but is capable of 
accumulating vast amounts of Mn 2+ which can success-
fully scavenge superoxide radicals (Archibald & 
Fridovich, 1981). 
4.1.2.1.2 Intracellular sulfhydryl groups 
Sulfhydryl groups are suitable hydrogen donors which 
can readily give up a hydrogen atom to repair a DNA 
lesion caused by hydrogen abstraction by oxygen 
itself or by the hydroxyl radical (Howard-Flanders, 
1960) . The glutathione (GSH) synthetic pathway in 
E.coli (Michael et al~ 1981) and mammalian cells 
(Nathan, 1982) has consequently been found to be 
closely linked to the prevention of oxidative injury 
in these cells. The oxidation of labile thiol groups, 
such as those present in low-potential carriers like 
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ferredoxin (Wimpenny & Samah, 1978), will detoxify 
oxygen at the expense of the inactivation of the 
thiol compound. 
4.1.2.1.3 Reducing power 
Oxygen is a much more avid electron acceptor than 
the normal terminal oxidants of fermentation (0 1 Brien 
& Morris, 1971). The primary electron donor NAD(P)H 
which is required for anaerobic biosynthesis, will 
thus preferentially react with oxygen, if present. 
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This leads to the indirect inhibition of the energy-
producing biosynthetic pathway and causes a concomi-
tant growth inhibition and a rapid drop in intracell-
ular ATP levels (0 1 Brien & Morris, 1971). The decrease 
in NADH concentration observed in B.fragiZis and 
C.acetobutyZicum cells under aerobic conditions also 
coincided with volatile fatty acid production in B. 
fragiZis and butyrate production in C.acetobutyZicum 
(0 1 Brien & Morris, 1971; Onderdonk et aZ~ 1976). 
Although an organism can normally divert a consider-
able part of its •reducing power• to the energetically 
unrewarding task of detoxifying molecular oxygen 
(Morris, 1970; 0 1 Brien & Morris, 1971) I Morris (1976) 
proposed that anaerobes have a tightly coupled cycle 




would have little scope of diverting the electron 
flow for the purpose of reductive detoxification of 
oxygen. Certain aerobes (e.g. the nitrogen-fixing 
Azotobacter species) employ a similar mechanism of 
diverting reducing power to shield key oxygen-labile 
components in the cell from direct contact with 
oxygen (Drozd & Postgate, 1970; Jones eta~, 1973). 
4.1.2.1.4 Eh value and antioxidants 
Several investigators claimed that a negative Eh 
value is a prerequi~ite for anaerobic growth (Hanke 
& Katz, 1943; Socransky et a~, 1964; Fredette et a~, 
1967). Aeration increases the Eh value of cultures 
with a concomitant cessation of growth. The Eh 
value of a culture, however, is merely a measurement 
of the overall reduction-oxidation tendency of such 
a culture. O'Brien & Morris (1971), Walden & Hentges 
(1975) and Onderdonk et a~ (1976) all showed that 
growth of anaerobes could continue unchecked in 
cultures in which the Eh value was positively poised 
by the addition of potassium ferricyanide. C.aceto-
buty~icum, C.perfringens, B.fragi~is and Peptococcus 
magnus continued growing at normal anaerobic rates 
at Eh values of +300mV and higher, while the intro-
duction of oxygen into these cultures immediately 





at -50mV by the addition of dithiothreitol (O'Brien 
& Morris, 1971; Walden & Hentges, 1975; Onderdonk 
et al, 1976). 
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Nevertheless, the low redox potential which is estab-
lished in anaerobic culture media by the addition of 
antioxidants generally appears to improve the initia-
tion of growth of anaerobes (Morris, 1975). These 
antioxidants can detoxify oxygen in the medium before 
it interacts with the cells and will ensure minimal 
drainage·of reducing power from organisms, with the i 
result that the reducing power can then be more 
productively utilized in energy-yielding biosynthetic 
pathways. Standard growth media for anaerobes there-
fore include supplements of at least one thiol compound 
such as hydrogen sulphide, cysteamine or cysteine plus 
or minus dithiothreitol, and sodium thioglycollate. 
Hydrogen, which is an essential part of the standard 
anaerobic gas mixture, can also effectively lower 
the culture Eh (Morris, 1976). 
Oxidized reducing agents (such as cysteine), however, 
can be toxic for some fastidious anaerobes (Holdeman 
& Moore, 1975), E.coli (Kari et al, 1971; Brown, 1975), 
Bacillus subtilis (Villareja & Westley, 1966) and 




The damaging oxygen radical, hydrogen peroxide, is 
rapidly formed in the culture media during the metal 
ion-catalyzed autoxidation of cysteine in the presence 
of oxygen (Michaelis, 1929; Taylor et aZ, 1966); 
anaerobes can thus be protected against the toxic 
effect of aerated culture media by the addition of 
both catalase (Hoshino et aZ, 1978) and peroxidase 
(Carlsson et aZ, 1979) • 
4.1.2.2 Bactericidal phase 
4 .1. 3 
Excessive exposure of anaerobes to oxyg·en can over-
whelm the primary defence mechanisms in these organisms. 
This will allow the free entry of oxygen and oxygen 
free radicals into the cell, where these agents may 
cause irreversible structural and metabolic damage 
resulting in the death of the organism. 
Mutagenesis 
Since the very reactive oxygen free radicals can 
oxidatively damage or modify DNA, attention has 
recently been focused on the possible mutagenic 
nature of oxygen, especially under increased 
partial pressure (Bruyninckx et al, 1978). It has 
been known for some time that hyperbaric oxygen is 




Fridovich, 1976) and several investigators studied 
the mutagenic action of oxygen and oxygen free 
radicals in organisms used in the Ames test 
(Bruyninckx et aZ~ 1978; Moody & Hassan, 1982). 
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Both base pair substitution and frame shift mutations 
are caused by the fluxes of superoxide radicals gener-
ated by activated phagocytes (Weitzman & Stossel, 1981) 
and paraquat in the presence of oxygen (Moody & Hassan, 
1982) and are responsible for the highly mutagenic 
action of these agents in the Ames test • 
Relative humidity influences the genetic stability 
of cultures since the removal of bound water from 
cellular constituents creates free radical lesions 
in these structures and accentuates their sensitivity 
to oxygen (Cox et aZ~ 1971; Swartz, 1971); oxygen can 
react with these free radical lesions and increase or 
modify the damage to such an extent that mutations are 
caused (Benbough, 1969) • If Saccharomyces cerevisiae 
cultures are freeze-, vacuum or air-dried in the 
presence of oxygen, there is an increase in the number 
of adenine-requiring colonies in the relative humidity 
range 0 to 53%, with the greatest number of mutants 





The effect of oxygen on radiation damage 
Oxygen modifies the effect of both X-rays (Thoday & 
Read, 1947; Hollaender et al, 1951; Howard-Flanders 
& Alper, 1957; Samuni et al, 1978) and gamma-rays 
(Van Hemmen et al, 1978) on bacterial cells and the 
killing of cells by ionizing radiation at ambient 
temperatures can be enhanced by a factor of 2 to 3 
if oxygen is present during irradiation (Achey & 
Whitfield, 1968; Lehnert & Moroson, 1971). The 
extent of oxygen sensitization on radiation-induced 
damage is expressed as the oxygen enhancement ratio 
(OER) which is a quotient of doses under anaerobic 
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and aerobic conditions required to reach a given level 
of damage (Samuni et al, 1978). B.fragilis is the only 
organism reported so far in which oxygen sensitizes the 
cells to far-UV irradiation and Jones et al (1980) 
reported an OER of between 1,15 and 1,45 for irradiated 
exponential phas~ B.fragilis cells. Since there 
are only quantitative and not qualitative differences 
between the production of lesions in DNA and induction 
of radioresistance by far-UV radiation and by ionizing 
radiation (Lydersen & Pollard, 1975; Kesavan et al, 
1978), a knowledge of the oxygen sensitization of 
X-ray damage in cells will contribute to a better 
understanding of the oxygen effect on far-UV 





X-ray and UV radiation can inactivate cells by two 
different mechanisms, "indirectly" via radicals 
induced in the suspending medium and "directly" by 
lesions induced in cellular constituents by direct 
absorption of photons of radiation energy. The 
relative importance of the "direct" and "indirect" 
actions of UV radiation changes as a function of 
wavelength, with the indirect action becoming more 
important with the longer wavelengths. Oxygen 
possesses both a free radical and an electron affinic 
nature (Johansen & Howard~Flanders, 1965) and the 
major part of the oxygen sensitization of X-ray 
radiation damage results from the interaction between 
the electron affinic nature of oxygen and the products 
of the "direct" and "indirect" action of X-irradiation 
(Sapora et aZ, 1977b; Fielden et aZ, 1978). 
4.1.4.1 Indirect action 
Water radicals (hydrogen radical, hydroxyl radical, 
and the aqueous electron) are produced in the suspen-
ding medium by the action of X- and UV radiation. 
These radicals may diffuse into the cell and attack 
biologically important molecules. Oxygen can react 
rapidly with hydrogen radicals and aqueous electrons 
(Brustad, 1966) and converts them into the less 







radicals in turn are known to produce single-strand 
breaks in the DNA, and Misra and Fridovich (1976) 
suggested that this was the real cause of the increased 
damage due to oxygen. Oxygen can also increase the 
effective yield of the deleterious oxidizing hydroxyl 
radicals by a process of electron sequestration: by 
reacting rapidly with aqueous electrons, it may scavenge 
this reducing species and so lessen the probability of 
hydroxyl radicals being reduced to hydroxide ions 
(Willson, 1981). The number of initial radical-induced 
strand breaks due to X- and UV radiation is thus 
effectively modified in the presence of oxygen. 
4.1.4.2 Direct action 
In the "direct" action X-ray and far-UV radiation 
energy is released directly within or very close to 
a functional unit. Absorption of a photon of radiation 
energy by a hydrogen atom in this unit can dislodge one 
of its electrons and so ionizes the hydrogen atom 
(Upton, 1982), creating a free radical lesion in the 
target molecule. Oxygen can react in two ways with 
I 
these lesions: 
{a) It can remove the ionized hydrogen atom from 
the damaged DNA, and form the very damaging 




of the oxygen sensitization effect and produce 
"latent breaks" in the DNA (Ehret et aZ, 1960); 
Tallentire & Powers, 1963); 
(b) Oxygen can also act as a "trap" for electrons 
liberated from the X-irradiated DNA by virtue 
of its high electron affinic nature. This will 
"fix" the DNA damage and prevent any possible 
restitution or self-repair by ion recombination 
(Alper, 1956; Howard-Flanders, 1958; Adams & 
Cooke, 1969; Samuni et aZ, 1978). "Fixed" damage 
does not involve the induction of a break or an 
alkali-labile site in the DNA but entails the 
creation of a site in the DNA which is suscep-
tible to endonuclease action. The nature of the 
radiation-induced lesions is thus modified and 
this will affect the amount of repair that can 
be done by repair systems present in organisms. 
The electron affinic radiosensitizer, para-nitro-
acetophenone (PNAP), can mimic the oxygen effect by 
increasing the yield of single-strand breaks in E. 
coli B/r DNA X-irradiated under anaerobic conditions 
(Sapora et aZ, 1975). However, PNAP is always less 
sensitizing than oxygen and the "repairable damage" 
profile with PNAP differs from the oxygen-sensitive 






with PNAP (Sapora et aZ, 1977; Fielden et aZ, 1978}. 
PNAP sensitization yielded five times less enzymatically 
produced breaks compared with aerobic X-irradiation. 
Ionizing radiation-induced single-strand breaks and 
fixed damage in E.coZi both show an OER of 3,6 but there 
is a ratio of 1,3 enzymatically induced break to each 
X-ray radiation-induced break (Fielden et aZ, 1978}. 
The effect of oxygen on ionizing radiation damage 
in bacteriophages 
Bacteriophages are often used in studies on the 
genetic mechanisms involved in repair because they 
are nuclear structures in which the radiation damage 
remains unmodified, in contrast with bacterial cells 
where efficient repair might continuously occur 
(Sapora et aZ, 1977b}. A great deal of controversy 
existed as to whether oxygen can enhance the effect 
of ionizing radiation on phages or not. Srivastava 
(1974} claimed that the oxygen sensitization of 
ionizing radiation damage in phages was negligible, 
but a definite oxygen enhancement of X-irradiation 
damage was reported for phages irradiated within the 
host cell (Johansen et aZ, 1974.and 1975} or irradiated 
in the presence of radioprotectors (Van Hemmen et aZ, 
1974; Srivastava, 1976}. Samuni et aZ (1978} 
resolved this controversy by studying the effect of 





radiation-induced damage in T4 bacteriophages. They 
controlled the spectrum of water radicals produced in 
the suspending phosphate buffer by the addition of 
radical scavengers, as well as by a careful choice of 
the appropriate saturating gas. The damage induced in 
T4 phages by gamma radiation can be divided into 
exogenous and endogenous damage (Samuni et a~, 1978}. 
4.1.5.1 Exogenous damage 
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In dilute aerobic buffer systems gamma radiation 
induced water radicals in the bulk system. These 
exogenous (outside the phage} radicals are responsible 
for 90% of the ionizing radiation damage observed in 
phages and primarily entails damage to phage proteins 
(Watson, 1952) since it is unlikely that these radicals 
will penetrate the phage coat to react with viral DNA. 
Both Alper (1954) and Misra & Fridovich (1976) believed 
that the superoxide radicals produced in the suspending 
medium by the reaction between the radiation-induced 
hydrogen radicals and aqueous electrons and molecular 
oxygen, play a major role in inactivation of phages. 
Samuni et a~ (1978), however, showed that the primary 
hydroxyl radicals are the reactive species and neither 
superoxide radicals nor hydrogen peroxide radicals are 
involved in the inactivation of phages. No oxygen 






observed for phage suspensions irradiated in the 
absence of radical scavengers. 
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4.1. 5. 2 Endogenous damage 
4.1.6 
In the presence of radical scavengers (or inside 
a host bacterium) the small portion (10%) of gamma 
radiation damage initiated inside the phage by 
"direct" radiation action, is observable. This 
endogenous damage is usually masked in dilute systems 
by the major effect of the exogenous damage. Oxygen 
can react directly with the damaged target molecule 
in the phage, presumably the viral proteins rather 
than viral DNA, causing irreversible peroxidation 
of the primary lesions and suppression of any 
restitution process (Samuni et aZ~ 1978). This 
reaction may explain the oxygen enhancement of ionizing 
radiation damage in phages observed by several investi-
gators (Taylor & Ginoza, 1967~ Boyce & Tepper, 1968~ 
Freifelder, 1968~ Johansen et aZ, 1971 and 1974). 
Radioprotectors 
Several compounds can protect organisms against the 
effect of ionizing and UV radiation because of their 
free radical scavenging ability. A very interesting 






as radiosensi tizer s under anaerobic conditions, act 
as radioprotectors under aerobic conditions. 
Caffeine is a well known radiosensitizer which 
potentiates UV and X-ray-induced damage in a wide 
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range of anaerobic metabolizing systems (Harm, 1967; 
Fabre, 1972; Witte & Bohme, 1972; Ahnstrom, 1974) 
mainly by inhibiting excision repair of radiation 
damage (Rupert & Harm, 1966; Setlow, 1967; Swenson, 
1976). In aerobic systems, however, caffeine can 
protect against oxygen-dependent x-ray and gamma-ray 
radiation damage (Kesavan et aZ, 1973; Ahnstrom, 1974; 
Kesavan & Ahmad, 1974; Kesavan & Afzal, 1975; Nadkarni 
& Kesavan, 1975; Kesavan & Ahmad, 1976; Kesavan & Dodd, 
1976; Kesavan et aZ, 1978). Caffeine restitutes the 
oxygen-sensitive radiation-induced lesions in the DNA 
by a process of hydrogen donation. This decreases the 
possibility of fixation of damage by oxygen. The same 
protective action of caffeine has not as yet been 
reported for far-UV radiation under aerobic conditions. 
The radioprotector N-ethylmaleimide (NEM) and the 
chemicals potassium permanganate, potassium iodide, 
potassium nitrate and potassium ferrocyanide, react 
in a similar manner to caffeine in that they all 
potentiate anaerobic ionizing radiation damage and 
protect against oxygen sensitization of ionizing 
• 
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radiation-induced damage in aerobic systems (Kesavan 
et aZ~ 1973; Sharma & Kesavan, 1975). 
Repair of oxygen-dependent damage 
Although it is known that oxygen and oxygen free 
radicals can damage and modify DNA, it is not so clear 
to what extent such oxidative damage or modifications 
of DNA is repairable. The discovery of inducible 
radical scavenging enzymes (superoxide dismutases and 
catalases/peroxidases) has drawn the attention away 
from possible DNA repair processes involved in the 
survival of anaerobes in the presence of oxygen. 
Several studies have been done on the repair of 
oxygen-dependent ionizing radiation damage in DNA. 
Unlike oxidative damage, oxygen-dependent radiation 
damage in DNA is caused not only by the free radical 
action of oxygen, but also involves modification of 
radiation-induced damage by the electron affinic 
action of molecular oxygen. 
4.1.7.1 Repair of oxidative damage 
Although the nature of the DNA damage induced by 
the various oxygen free radicals is well known, the 







so far involves the single-strand breaks induced in 
DNA by the stable oxygen radical, hydrogen peroxide. 
Ananthaswamy & Eisenstark {1977) reported that the 
repair of hydrogen peroxide-induced DNA breaks requires 
+ + both the polA and the recA pathways, but Carlsson & 
+ Carpenter {1980) claimed that the recA gene product 
is the more important factor in the protection of DNA 
against hydrogen peroxide toxicity. Hartman & Eisen-
stark {1978) divided the damage done by hydrogen 
peroxide into recA -repairable {at low hydrogen 
peroxide concentrations) and recA -irrepairable damage 
{at high concentrations of hydrogen peroxide) • 
+ Support for the conclusion that both the pol and 
+ the rec pathways are involved in repair of oxidative 
damages, comes from the results of Gross et al {1971) 
and Morimyo {1982). These investigators found that 
although the E.coli single mutants polA and recB are 
viable under aerobic conditions, the double mutant 
polA reaB of E.coli is inviable in the presence of 
oxygen. The double mutant shows an enhanced colony 
formation under anaerobic conditions (Morimyo, 1982}, 
or when it is aerobically plated with chloroform-
killed E.aoli cells or sonic extracts of E.coli cells 
which possess respiratory activity (and therefore can 
scavenge oxygen from the plating medium} (Monk & Kinross,. 






+ + the presence of both the polA and the PecB gene 
products is needed for normal growth of aerobes, 
since these proteins are responsible for repairing 
DNA damage sustained during respiration. 
4.1.7.2 Repair of oxygen-dependent ionizing radiation damage 
4.1.7.2.1 Timescale 
Many investigators agree that oxygen sensitization 
of ionizing radiation damage has at least two components . 
Class II damage is dependent on pxygen during irradiation 
(Davies, 1968; Webb, 1970; Weiss & Santomasso, 1981) , 
while class III damage is dependent on the presence of 
oxygen after irradiation (Powers et al, 1960; Weiss & 
Santomasso, 1981). The class II damage is consistent 
with the interaction of oxygen with the transient free 
radical DNA lesions produced during irradiation (Howard-
Flanders & Moore, 1958; Ehret et al, 1960; Adams et al, 
1968; Brustad, 1968; Epp et al, 1973; Michaels et al, 
1973), and Michaels et al (1981) placed the timescale 
for such an oxygen sensitization reaction in the micro-
second to millisecond range. Shenoy et al (1975) 
reported that the exposure of SePPatia maPcescens cells 
to oxygen a few milliseconds before X-irradiation is 
sufficient to produce the full oxygen effect, whereas 





did not affect the anaerobic response. 
The effect of adding oxygen to bacteria either before 
or after X-irradiation was found to depend on whether 
the bacteria are irradiated in broth or in a buffered 
solution. A large portion of the radiation damaging 
effect in buffer or broth is due to water radicals 
produced in the suspending medium immediately outside 
the cell membrane or radicals formed directly in the 
membrane itself. In broth the exogenous radicals are 
rapidly scavenged by organic materials in the medium 
and damage produced in the membrane can also be 
chemically repaired by hydrogen atom donation by 
extracellular organic material. The scarcity of 
efficient hydrogen donors in buffer solutions causes 
the membrane-damaging free radicals in this system 
to be relatively long lived and these radicals are 
thus available for reaction with oxygen added several 
milliseconds after irradiation (Shenoy et aZ, 1975). 
The results of Shenoy et aZ (1975) confirmed that 
bacteria are more sensitive to the oxygen effect 
when X-irradiated in buffer than in nutrient broth 
and that the pre-irradiation contact times required 
to produce the full oxygen enhancement are signifi-
cantly larger in broth than in buffer . 
155 
• 
4.1.7.2.2 Enzymatic repair 
More than one repair process occurs within the first 
five minutes after X-irradiation and the disadvantage 
of conventional techniques in elucidating possible 
early events resulted in the development of the gas 
explosion technique (Michaels et aZ, 1973), rapid 
liquid mixing process (Shenoy et aZ, 1975), rapid 
lysis technique (Fox et aZ, 1976) and the double pulse 
method (Ling et aZ, 1978), to experimentally record 
times shorter than 10 ~seconds. Many of the rates 
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of x-radiation-induced single-strand breakage in the 
presence of oxygen previously reported for E.coZi were 
erroneously low because the existence of the polymerase 
repair system which can rejoin breaks in buffer at room 
temperature in a very short time, was not recognised 
(Town et aZ, 1972). 
Oxygen has no effect on the amount of damage produced 
during X-irradiation (Boye et aZ, 1974; Sapora et aZ, 
1975) or UV irradiation (Jones et aZ, 1980) and Town 
et aZ (1973) proposed the working hypothesis of "equal 
breaks, different repair" which can account for the 
greater sensitivity of cells X-irradiated under aerobic 
than under anaerobic conditions. They observed three 
different types of enzymatic repair of single-strand 




repair, a second type which acts at 2 to 5 minutes 
after irradiation at room temperature, and a third 
medium-dependent type which needs 40 to 80 minutes 
at 37°C . 
(a) Ultrafast repair 
The ligase enzyme is responsible for this 
temperature-independent ultrafast repair of 
single-strand breaks (Town et aZ~ 1972 and 
1973). Direct sealing of breaks can occur 
within seconds even at very low temperatures. 
The ultrafast repair system preferentially 
operates under anaerobic conditions (Town 
et aZ~ 1972; Srivastava, 1976; Samuni et aZ~ 
1978) and Town et aZ (1973) found that this 
repair system could repair 75% of the X-ray-
induced breaks produced under anaerobic 
conditions, but only 23% of the breaks 
produced under aerobic conditions. Town 
et aZ (1972) postulated that oxygen modifies 
the DNA breaks so that they are no longer a 
substrate for the ultrafast repair system. 
(b) Polymerase-dependent repair 







seconds in an aerobic X-irradiated system 
is affected by temperature and is attributable 
to the action of the polymerase enzyme(s) (Town 
et al, 1973; Boye et al, 1974; Sapora et al, 
1975): The optimum temperature for this type 
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of repair ranges between 25° and 37°C. The 
presence of oxygen during X-irradiation appears 
to induce more efficient repair of" X-ray-induced 
breaks, as compared with repair of breaks under 
anaerobic conditions (Hall, 1972; Koch & Painter, 
1975), and this may be linked to the conversion 
of transient free radical DNA lesions into more 
stable DNA lesions by oxygen fixation of the 
damage (Sapora et al, 1975). These stable 
lesions can then be recognized by polymerase-
associated endonucleases which produce one 
single-strand break for each damaged site • 
Polymerase I is capable of repairing all enzym-
atically induced single-strand breaks, but only 
80.% of the radiation-induced alkali-lab~le breaks 
in E.ooli B/r, and polymerase III-dependent 
repair of X-ray damage only occurs when the X-
irradiated cells are held in the presence of 





The slow timescale and the medium- and 
temperature-dependency of the type III repair 
of X-ray-induced damage (Town et al, 1973; 
Sapora et al, 1975) are consistent with the 
+ induction of a repair system (e.g. the rec 
repair system) . 
+ + 
Both the pol and the rec 
gene products can repair discontinuities or 
gaps in the DNA (Okazaki et al, 1971; Monk & 
Kinross, 1972) and several investigators claim 
that both functions are important for the 
repair of single-strand breaks induced by X-rays 
(Morimyo et al, 1968; Kapp & Smith, 1970; Town 
et al, 1971) and UV radiation (Rupp & Howard-
flanders, 1968; Smith & Meun, 1970; Monk et al, 
1971). These two functions also appear to be 
responsible for the major part of the repair 
of oxygen-dependent X-radiation damage: if the 
drug quinacrine, which inhibits both rec repair 
(Fuks & Smith, 1971) and pol repair (Town et al, 
1972) in E.coli, is added to X-irradiated E.coli 
cells, the repair of aerobic breaks is inhibited 
almost completely (Town et al, 1972). Very few 
reports exist on the importance of the excision 
repair system for the repair of oxygen-dependent 
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et aZ. (1977a), however, indicated that an 
uvrA E.aoZ.i strain is only slightly more 
sensitive to X-rays under aerobic conditions 
than the wild type E.aoZi strain . 
Most important biological target for oxygen damage: 
theories 
It is not unlikely that living systems, in their 
enormous complexity, contain multiple critical targets 
for oxygen and oxygen radicals. Alper (1968) also 
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proposed that there are two cellular sites where oxygen 
enhances radiation damage: type 0 oxygen damage occurs 
in cell membranes and type N oxygen damage involves 
the sensitization of nucleic acid radiation damage. 
4 .1. 8.1 DNA 
The DNA of organisms have repeatedly been shown to 
be the target for the damaging action of oxygen free 
radicals (Ananthaswamy & Eisenstark, 1977; Bruyninckx 
et aZ., 1978; Cadet & T.eoule, 1978; Lynch & Fridovich, 
1978; Moody & Hassan, 1982). This damage ranges from 
simple single-strand breaks to liberation of all four 
DNA bases and includes base pair substitution and frame 
shift mutations. Oxygen can also interfere with the 
efficient repair of ionizing radiation damage to DNA 






after ionizing radiation in the presence of oxygen 
(than under anaerobic conditions) to irrepairable 
fixation of DNA damage by molecular oxygen (Sapora 
et aZ~ 1977b; Fielden et aZ~ 1978; Samuni et aZ~ 
1978). Considerable evidence is accumulating, 
however, suggesting that DNA damage is not solely 
responsible for the overall biological effect of 
oxygen sensitivity (Shenoy et aZ~ 1975). 
4.1.8.2 Membranes 
Cell membranes have been proposed as possible sites 
where lethal radiation and oxygen damage could occur, 
·independently of or by interaction with nucleic acid 
damage (Alper, 1968; Myers, 1970; Shenoy et aZ~ 1975). 
Ionizing and UV radiation affect cell membranes in 
such a way that cells become more permeable (Bruce, 
1958; Harrison et aZ~ 1958), leading to the consequent 
release of intracellular material such as potassium 
ions.and ATP (and sometimes other nucleotides) into 
the suspending medium at a dose-dependent rate 
(Harrison et aZ~ 1958; Merrick & Bruce, 1965; Billen, 
1967). The loss of ATP from damaged bacteria presum-
ably causes an uncoupling of metabolism associated 
with active transport, and damage to cell membranes 
is often evaluated by the passive efflux of intra-





Cancelliere et al, 1975; Sharma & Kesavan, 1975). 
A large increase in potassium ion release from the 
membranes of X- and UV-irradiated yeast cells was 
observed in the presence of oxygen (Bruce, 19.58) 
and Alper (1968) reported that radiation damage 
to membranes (type 0 damage) has 4 to 5 times the 
probability of becoming lethal when oxygen is 
present during X- and UV irradiation. 
The greater solubility of oxygen in the lipophilic 
cell membrane (Ewing, 1981) and the extremely damaging 
peroxidative action of the oxygen free radicals on 
cell membrane components were discussed in section 
4.1.1. Evidence of specific oxygen damage was found 
in membranes of frozen and/or lyophilized bacteria 
and involves changes in the membrane-associated DNA 
initiation complex and in the membrane permeability 
(Israeli et al, 1975). Halliwell (1982) reported 
that the peroxidation of membrane lipids by super-
oxide radicals results in increased leakiness and 
decreased membrane fluidity and Cancelliere et al 
(1975) found that the structural abnormalities in 
membranes of E.coli K12 cells exposed to fluxes of 
superoxide radicals (as observed under the electron 
microscope) correlate well with a loss of viability 








The free radical inactivation of many enzymes 
in vivo and in vitro have been extensively studied 
{Collinson et al, 1950; Brustad, 1966; Adams et al, 
1971; Masuda et al, 1971; Adams & Redpath, 1974) 
and the radiation sensitivity of a number of enzymes 
increases by a factor of 2 to 3 in the presence of 
oxygen {Alexander, 1957; Shalek & Gillespie, 1959; 
Hutchinson, 1961). The hydroxyl radical was 
generally found to be the active radical species 
in enzyme inactivation (Michel, 1975). 
The hypothesis of enzyme inactivation is an 
explanation for oxygen toxicity did not previously 
gain wider acceptance because oxygen-mediated enzyme 
inactivation in vitro appeared to be too slow to 
account for the symptoms of oxygen poisoning that 
occurred in the intact organism and ther~e was no 
conclusive evidence for the inactivation of an 
enzyme by oxygen itself (Fee, 1982). However, 
several examples of enzymes which are rapidly and 
directly inactivated by dioxygen are now known. 
Halliwell (1982) reported that enzyme inactivation 
may account for the rapid growth inhibiting effect 
of pure oxygen at high pressure in E.coZi. The 





in purine biosynthesis (Itakura & Holmes, 1979), 
an dihydroxyacid dehydratase involved in branched 
chain amino acid biosynthesis, are both inactivated 
by oxygen in vivo, even in the presence of superoxide 
dismutase enzymes (Fee, 1982). Since the inactivation 
of a critical enzyme can disrupt the overall metabolism 
of the cell (Haugaard, 1968), it will be essential in 
understanding oxygen toxicity to identify and study 
sensitive enzymes and their reactivity towards 
oxygen (Fee, 1982) . 
B.fragilis strain Bf-2 is interesting in that 
although it is an obligate anaerobe it can be main-
tained in various aerobic holding solutions for 1 to 6 
hours without loss of viability (Jones & Woods, 1981; 
Slade et al, 1981) and there is some evidence that 
the cells are able to carry out DNA repair processes 
in the presence of oxygen and its free radical, 
hydrogen peroxide (Slade et al, 1983a and 1983b). 
However, B.fragilis differs from other bacteria in 
that its inactivation by f ar-UV light is dependent 
on the presence of molecular oxygen (Jones et al, 
1980; Slade et al, 1981); the cells are more sensitive 
to far-UV irradiation under aerobic conditions than 





sensitization effect, pretreatment of cells with 
hydrogen peroxide under anaerobic conditions enhances 
the survival of UV-irradiated B.fragilis cells (Slade 
et al, 1983b). Since no studies on the effect of 
both oxygen (and its free radicals) and UV irradiation 
on macromolecular synthesis in B.fragilis have been 
reported, we investigated the effects of oxygen and 
hydrogen peroxide on colony format-ion and on nucleic 
acid and protein synthesis in unirradiated and uv-
irradiated B.fragilis cells. 
MATERIALS AND METHODS 
Bacteria and media 
The B.fragilis Bf-2 strain which has been described 
in section 2.2.1, was used in these studies. Brain 
heart infusion broth and agar, supplemented with 
hemin, menadione, and cysteine (Holdeman & Moore, 
1972) were used for bacterial propagation at 37°c. 
Prereduced one-quarter-strength Ringer solution 
was used as a dilution buffer (Jones & Woods, 1981). 
Irradiation and radioactive labelling of the cells 
were carried out in a defined minimal medium (Varel 






Anaerobic and aerobic treatments 
All manipulations and treatments requiring anaerobic 
conditions were carried out in an anaerobic glove. 
cabinet (Forma Scientific, Marietta, Ohio) at 37°C 
in an atmosphere of 70% N2 , 20% co 2 and 10% H2 . 
Cultures were aerated in an aerobic incubator at 37°C 
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by either shaking 4 ml samples in 14 ml glass centrifuge 
tubes (tube method) or by adding small samples (0,1 ml 
per well) in a microtitre plate which was incubated 
without agitation (microtitre plate method). The 
redox indicator, resazurin, in the medium remained 
pink during the aerobic treatments but was colourless 
under anaerobic conditions. I~ experiments where 
the aerobic cultures were restored to anaerobic 
conditions, the resazurin indicator turned colourless 
within approximately 3 min after introducing the 
cultures into the anaerobic cabinet. 
DNA, RNA and protein synthesis 
DNA synthesis was determined by the incorporation 
of [2-14c] thymidine (4 ~Ci ml-1), RNA synthesis by 
the incorporation of [5,6-3H]uracil (15 ~Ci ml-1 ), 
and protein synthesis by the incorporation of [ 35s] 
methionine (20 ~Ci ml-1 ) into trichloracetic acid 
(TCA) precipitable material. The labelled chemicals 
were supplied by The Radiochemical Centre, Amersham, 
England, and the final concentrations of thymidine, 
uracil and methionine were 7, 15 and 25 ~g ml-1 
respectively, which were saturating for both uptake 
and incorporation over 240 min. 
The effects of UV irradiation and oxygen on DNA, RNA 
and protein synthesis were determined in prelabelled 
' 
and unlabelled cells (Smith & O'Leary, 1968; Setlow 
& Setlow, 1970). Overnight brain heart infusion broth 
cultures were innoculated into minimal mediUm and 
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incubated until the cultures were in exponential growth 
and reached a turbidity of 0,15 at 600 nm. The label 
was added and the cultures incubated for a further 60 
-
min (turbidity of 0,2 at 600 nm, approximately 1,5 x· 
10
8 
colony-forming units ml-1 ) prior to irradiation 
and exposure to oxygen (prelabelled cells) . After 
irradiation and/or exposure to oxygen the cells were 
reincubated in the presence of the label. In experi-
ments with unlabelled cells, the cells were irradiated, 
exposed to oxygen and the label added immediately 
before reincubation in the presence of the label. 
The effects of UV irradiation and/or hydrogen peroxide 
on DNA synthesis under anaerobic and aerobic conditions 
were determined in prelabelled cells. Samples (4 ml) 
of unirradiated and UV-irradiated prelabelled cells 
4.2.4 
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were treated with different concentrations of 
hydrogen peroxide (between 0,0001 and 0,1%, vol/vol) 
under anaerobic conditions, or hydrogen peroxide was 
added to the prelabelled unirradiated cells immediately 
after exposure to oxygen. 
UV irradiation 
The effect of UV radiation on oxygen- and hydrogen 
peroxide-treated cells was determined. Samples (9 ml) 
of exponential phase cultures (turbidity of 0,2 at 600 
nm) were irradiated in open glass petri dishes with a 
Fluotest Piccolo Hanau Quartz germicidal lamp (254nm). 
The dose rate was measured with a Blak-Ray UV meter 
(model J-225; UV Products Inc, San Gabriel, Calif.) 
and samples were irradiated at a dose rate of· 1,0 J 
-2 -1 m s In experiments where the effect of UV and 
oxygen on macromolecular synthesis was studied, the 
exponential phase cultures were exposed to oxygen for 
a few seconds before irradiation in the presence of 
oxygen. Irradiation was not carried out in the 
presence of hydrogen peroxide, but the hydrogen 
peroxide was added to the cultures immediately after 
UV irradiation. Survival curves of cells irradiated 
with increasing fluences were determined, and labelling 
experiments were carried out with cultures which were 
irradiated aerobically to different survival levels. 
4.2.5 
4. 2. 6 
Effect of oxygen on uptake of radioactive thymidine 
The rate of uptake of [14c] thymidine was determined 
in unlabelled cells before exposure to air and after 
30 and 100 min exposure to air in the microtitre plate 
method. The label was added to the sample and uptake 
by the cells was estimated over 20 min by filtration 
of 100 ~1 aliquots and washing with minimal medium 
on 0,45 ~m (pore size) membrane filters. 
DNA turnover 
DNA turnover experiments were carried out on B. 
fragiZis cultures exposed to oxygen for prolonged 
periods of time. An exponential phase culture with 
a turbidity of 0,15 at 600 nm was divided into two. 
The one culture was prelabelled as previously 
described and aerated by the microtitre plate method 
when it reached a turbidity of 0,2 at 600 nm. The 
other culture was treated in the same way except that 
the prelabelling step was omitted. After 85 min of -
aeration the prelabelled cells were harvested by 
centrifugation, resuspended in fresh prewarmed minimal 
medium without label and reincubated under aerobic 
conditions for a further 80 min. [
14
c] Thymidine 
( 4 ~Ci ml-1) was added to the unlabelled culture at 85 
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min and incubation continued under identical conditions 
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Effect of chloramphenicol and caffeine 
The effects of chloramphenicol and caffeine were 
determined on DNA synthesis in unirradiated and uv-
irradiated (1,3% survival) prelabelled cells exposed 
to oxygen. The minimal inhibitory concentrations of 
-1 chloramphenicol and caffeine were 1 ~g ml and 2,5 mg 
-1 -1 
ml , respectively. Chloramphenicol (5 ~g ml ) and 
-1 
caffeine (1 mg ml ) were added to the broth cultures 
immediately after irradiation and exposure to oxygen. 
Effect of oxygen and hydrogen peroxide on colony 
formation 
Exponential phase cells (turbidity of 0,2 at 600 nm) 
were exposed to oxygen by the microtitre plate method, 
or treated with hydrogen peroxide (0,0001 and 0,01%, 
v/v) under anaerobic conditions at 37°C. Colony 
formation was determined after different time 
intervals by plating on brain heart infusion agar. 
RESULTS 
Effect of oxygen on DNA synthesis and colony formation 
The effect of oxygen on DNA synthesis and viability in 
exponential phase B.fragiZis cells grown in the minimal 
medium was determined. Aeration was carried out by 
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two·methods. The tube method involved a relatively 
large sample (4 ml) from which smaller samples (0,1 ml) 
could be removed and assayed. The microtitre plate 
method involved a series of identical small samples 
(0,1 ml) and the entire sample was assayed at a 
particular sampling time. It was necessary to estab-
lish that both methods were comparable because only 
the microtitre plate method could be used after 
exposure to both UV radiation and oxygen. Exposure 
of B.fragiZis cells to UV radiation and oxygen caused 
rapid visible clumping of the cells which made 
sampling difficult and inaccurate. 
The growth (colony-forming units) of exponential 
B.fragiZis cells in minimal medium was inhibited 
when the cells were exposed to oxygen by the tube and 
microtitre plate methods (Fig. 4.1). There was no 
decrease in the viability of the cells exposed to 
oxygen for 60 and 100 min in the tube and microtitre 
plate methods respectively. The viability of the 
cells decreased between 60-90 min in the microtitre 
plate method and between 100-120 min in the tube 
method. Decrease in viability occurred at a similar 
rate in the two aeration systems (decrease of 11 and 
13 colony-forming units ml-l 10 min-1 ). 
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FIG 4.1 Effects of oxygen and hydrogen peroxide 
on the viability of B.fragilis cells. Anaerobic 
control ( e ) ; cells exposed to air by the tube method 
( 1:::..) and the microtitre method ( .6.); cells exposed 
to 0,001% ( 0) and 0,01% ( •> hydrogen peroxide 
under anaerobic conditions. 
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reduction in DNA synthesis which was slower in the 
microtitre plate method than in the tube method (Fig 
4.2). DNA synthesis was eventually inhibited by oxygen 
~fter 60 and 90-100 min incubation in the microtitre 
and tube methods respectively. In the two methods - there was a correlation between the decrease in 
viability and the inhibition of DNA synthesis. 
Prelabelled cultures which were restored to anaerobic 
conditions at time 30 min after exposure to oxygen by 
the microtitre plate method, resumed DNA synthesis after 
a short lag period at a rate comparable to 'the anaerobic 
control (Fig 4.3). Cultures restored to anaerobic 
conditions after 45 min of aeration had a longer lag 
period before resumption of DNA synthesis at an 
exponential rate similar to the anaerobic control 
rate. Cultures introduced into the anaerobic cabinet 
... 
after 80 min of aeration, however, did not resume DNA 
synthesis after an additional 80 min of anaerobic 
incubation (Fig 4.3). 
The rate of uptake of [ 14c] thymidine in unexposed 
-1 -1 (anaerobic) cells was 300 cpm ml min , and 240 
-1 -1 and 200 cpm ml min after 30 min and 100 min 
exposure to oxygen respectively. Uptake of label 
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FIG 4. 2 Effect of oxygen 
prelabelled B.fragiLis cells. 
120 160 
min 
on DNA synthesis in 
The cells were labelled 
with [ 14c] thymidine 60 min before exposure to oxygen 
by the tube method ( 0) and the microtitre plate 
method ( 1::::.). Anaerobic control ( e). 
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0 40 80 120 160 
TIME 
FIG 4.3 DNA turnover in an aerated culture and the 
effect of restoration to anaerobic conditions on DNA 
synthesis in prelabelled aerated B.fragilis cells. 
Anaerobic control ( e ) ; cells restored to anaerobic 
conditions at 30 min ( +1) ( •), 45 min ( +2) CO) 
and 80 min ( + 3) ( 0). Unlabelled cells exposed 
to oxygen for 85 min and then labelled (6.); prelabelled 
cells exposed to oxygen for 85 min, harvested and 
resuspended in minimal medium without label (~). 
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of DNA synthesis and we concluded that the inhibition 
of DNA synthesis after 60 min by oxygen was not due to 
a shutoff of isotope transport. 
DNA turnover experiments were carried out to determine 
whether the observed plateau of incorporation of [ 14c] 
thymidine into DNA was due to an inhibition of DNA 
synthesis, or reflected a steady state condition with 
equal rates of degradation and resynthesis of labelled 
DNA (Fig 4.3). No incorporation of label was observed 
after the addition of r14c] thymidine to an unlabelled 
culture which had been exposed to oxygen for 85 min. 
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There was a very slow loss of label from the trichloro-
acetic acid-precipitable cellular fraction in pre-
labelled cultures after 85 min exposure to oxygen. 
4.3.2 ·.Effect of oxygen on RNA and protein synthesis 
RNA and protein synthesis were also affected by 
oxygen and synthesis was decreased to a greater 
extent in the microtitre plate method than in the tube 
method (Figs 4.4 and 4.5). RNA and protein synthesis 
were less sensitive to oxygen than DNA synthesis. 
Since the incorporation of isotopes into RNA and 
protein continued after DNA synthesis was inhibited, 
the inhibition of DNA synthesis was .not due to the 
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FIG 4.4 Effect of oxygen and UV irradiation on RNA 
·synthesis in pre labelled B. fragi lis cells. The cells 
were labelled with [ 3H] uracil 60 min before exposure 
to oxygen and UV radiation. Unirradiated anaerobic 
control (e); cells exposed to oxygen by the tube 
method ( 0), and the microtitre plate method ( 0); 
cells exposed to oxygen by the microtitre plate 
method and irradiated (1% survival) (,6.). 
• 
40 
FIG 4.5 Effect 
protein synthesis 
The cells were 
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TIME min 
of oxygen and UV radiation on 
in prelabelled B.fragiZis cells. 
labelled with [35s] methionine 60 
min before exposure to oxygen and UV radiation. 
Unirradiate-d anaerobic control ( e ) ; cells exposed to 
oxygen by the tube method ( 0) and the microtitre 
plate method ( 0 ) ; cells exposed to oxygen by the 





Effect of UV radiation and oxygen on DNA synthesis 
B.fragiZis cells which were irradiated and held in 
minimal medium under aerobic conditions formed visible 
clumps within 1 hour after irradiation. In order to 
avoid errors due to inaccurate sampling, the microtitre 
plate method was used for all aerobic UV radiation 
experiments. Irradiation of prelabelled B.fragiZis 
cells under anaerobic conditions resulted in the 
degradation of DNA (Fig 4.6). The degradation phase 
continued for 40 min before DNA synthesis was detected. 
Aerobic UV irradiation of B.fragiZis prelabelled with 
[ 14c) thymidine (1,8% survival) resulted in the complete 
inhibition of DNA synthesis (Fig 4.6). The addition of 
chloramphenicol or caffeine did not affect the pattern 
of DNA synthesis in prelabelled cells irradiated under 
aerobic conditions (Fig 4.6). DNA synthesis in 
unirradiated cells exposed to oxygen was not affected 
by chloramphenicol or caffeine. 
DNA synthesis was also determined in unlabelled cells 
which were irradiated under aerobic conditions with 
increasing doses of UV light prior to the addition of 
[ 14cJ thymidine (Fig 4.7). The degree of inhibition 
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FIG 4.6 Effect of oxygen and increasing doses of 
UV radiation on DNA synthesis in unlabelled B.fragilis 
cells. Exponential phase cells were irradiated 
and labelled with [ 14c] thymidine. Unirradiated 
anaerobic control ( e). Cells exposed to oxygen ( 0) 
and irradiated with UV light(J m- 2 ): 20 (87% survival) 
(.6,), 40 (23% survival) (0), 60 (4,4% survival) <•> 
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FIG 4.7 Effect of oxygen and UV radiation on DNA 
synthesis in pre labelled B. fragi lis cells. The 
cells were labelled with [14c] thymidine 60 min before 
UV radiation. Unirradiated 
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exposure to oxygen and 
anaerobic control ( 0 ) . Cells irradiated (1,8% survival) 
and held under anaerobic conditions (D). Unirradiated 
cells exposed to oxygen in the absence (~} and 
presence of either caffeine ( 1 mg ml- 1 ) (e) or 
chloramphenicol ( 5 119 ml- 1 ) ( ~) . Irradiated cells 
(1,3% survival) exposed to oxygen in the absence 
( •) and presence of either caffeine ( 0) or chloram-
















Effect of UV radiation and oxygen on RNA and protein 
synthesis 
Experiments with prelabelled cells irradiated under 
aerobic conditions indicated that RNA and protein 
synthesis were less sensitive to the effects of UV 
radiation and oxygen than DNA synthesis (Figs 4.4 and 
4.5). RNA and protein synthesis continued after a 
UV dose which completely inhibited DNA synthesis (1% 
survival) (Figs 4.4, 4.5 and 4.6). RNA synthesis was 
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inhibited after 80 min but protein synthesis continued 
for at least 160 min. 
Effect of hydrogen peroxide on'DNA synthesis and 
colony formation 
The effect of hydrogen peroxide (0,0001 to 0,1%) on 
DNA synthesis in prelabelled B.fragilis cells was 
determined with and without oxygen (Fig 4.8a and 
4.8b). Hydrogen peroxide concentrations between 
0,0001 and 0,0025% did not affect DNA synthesis 
over a 60 min period after the addition of 
hydrogen peroxide under anaerobic conditions 
(Fig 4.8a). These concentrations of hydrogen 
peroxide reduced or inhibited DNA synthesis 60 to 
80 min after the addition of hydrogen peroxide. 
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FIG 4.8. Effect of hydrogen peroxide, oxygen 
and UV radiation on DNA synthesis in pr~labelled 
B. fragi lis cells. The cells were labelled with [ 14c] 
thymidine 60 min before exposure to hydrogen peroxide, 
oxygen or UV radiation. Effect of hydrogen peroxide 
on DNA synthesis under anaerobic conditions (a) • 
Unirradiated cells 
(O,o%, e; o,ooo1%, O; 
exposed to hydrogen 
0,001%, ~; 0,0025%, 0; 
peroxide 
0,01%,.6.; 
0,1%,\7). Effect of hydrogen peroxide on DNA synthesis 
under aerobic conditions (b) • Unirradiated cells 
exposed to hydrogen peroxide (0,0%,.6.; 0,0001%, 0; 
0, 001%, ~; 0, 01%, •) unde.r aerobic conditions. 




Effect of hydrogen peroxide and 
on DNA synthesis under anaerobic 
Irradiated cells exposed to hydrogen 
peroxide (0,001%,~; 0,0025%, 0; 0,01%, .) under 
anaerobic conditions. Unirradiated ( e ) and irradiated 
( 0) anaerobic control without hydrogen peroxide. 




DNA synthesis was decreased by 0,01% hydrogen 
peroxide and completely inhibited by 0,1% hydrogen 
peroxide. 
There was a synergistic effect between oxygen and 
hydrogen peroxide on DNA synthesis (Fig 4.8b) and 
concentrations of hydrogen peroxide (0,001%) which 
had no effect on DNA synthesis between 0 and 60 min 
under anaerobic conditions, inhibited DNA synthesis 
immediately in the presence of oxygen. 
The effects of hydrogen peroxide and UV radiation 
were determined in prelabelled cells which were 
irradiated with 50 J m- 2 UV light (10,8% survival) 
(Fig 4.8c). UV irradiation of cells prelabelled 
with [ 14c] thymidine and exposed to between 0,001 
and 0,01% hydrogen peroxide resulted in the initial 
rapid net loss of label from the trichloroacetic 
acid-precipitable fraction. The DNA degradation 
phase continued for approximately 40 to 60 min 
before net synthesis of DNA was observed at a 
similar exponential rate as in unirradiated cells. 
This synthesis continued for a period of time which 
was dependent on the concentration of hydrogen 
peroxide, before it was reduced or inhibited. 





in exponential B.fragilis cultures in minimal 
medium was determined under anaerobic conditions 
(Fig 4.1). Hydrogen peroxide (0,001%) did not 
markedly affect the viability of B.fragilis cells 
and only a slight decrease in rate of colony formation 
was observed as compared with the anaerobic control. 
In the presence of 0,01% hydrogen peroxide, colony 
formation continued at a reduced rate and was then 
inhibited between 60 to 90 min after addition of 
the hydrogen peroxide . 
4.4 DISCUSSION 
Although B.fragilis is an obligate anaerobe, it 
was able to survive and continue synthesizing DNA, 
RNA and protein for a limited period after exposure 
to oxygen. The rate and time of inhibition of macro-
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molecular synthesis by oxygen was affected by the method 
of aeration, but it was always constant for a specific 
method. Our results-on the effect of oxygen on molecular 
synthesis in B.fragiZis are in marked contrast to 
the results of Glass et aZ (1979) with Bacteroides 
thetaiotaomiaron and by Stevenson (1979) with Baater-
oides ruminiaoZa. In B.thetaiotaomiaron the incor-
poration of radiolabelled thymidine and methionine into 
macromolecules is inhibited immediately and completely 
upon exposure to air, and direct chemical analysis of 
• 
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macromolectiles in this organism confirmed that 
oxygen in fact inhibits the synthesis of proteins 
and nucleic acids. Stevenson {1979) reported that 
in B.ruminicoZa exposure of the cells to air rapidly 
inhibits amino acid uptake. The reason for the 
difference between the B.fragilis Bf-2 strain and 
the other two Bacteroides species is not known but 
it suggests that there are substantial differences 
between species of Bacteroides and their response 
to oxygen. The B.fragilis Bf-2 strain was first 
isolated in 1977 and has been regularly exposed to 
air over the last 6 years which may account for its 
response to oxygen. 
The plateau in radiolabelled thymidine incorporation 
in B.fragilis cells exposed to oxygen was not due to 
a shutoff of isotope transport, as was reported for 
aerated B.ruminicola cells. Active uptake of [ 14c1 
thymidine in B.fragilis was shown to continue in 
cells exposed to oxygen after incorporation of label 
into DNA had been inhibited. DNA turnover experiments 
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indicated that the plateau in fact reflected an overall 
net inhibition of DNA synthesis. 
O'Brien & Morris (1971) reported that exposure of 
C.acetobutyZicum cells to oxygen causes a bacteria-






and that synthesis-of these macromolecules resumes at 
exponential rates when the aerated cells are restored 
to anaerobic conditions. DNA synthesis in B.fragilis 
resumed at an exponential anaerobic rate after an 
initial lag period only if the aerated cells were 
restored to anaerobic conditions before the plateau 
in DNA synthesis was reached. Once the DNA synthesis 
was inhibited, no recovery of synthesis was observed 
during a further 1,5 hours of anaerobic incubation. 
rhere was an interesting correlation between the 
inhibition of DNA synthesis by oxygen and loss of 
viability in B.frag~Z~s cells. Within 10 to 20 min 
after inhibition of DNA synthesis a decrease in 
viability of B.fragilis cells occurred. The same 
correlation did not always hold true for B.fragilis 
cells which had been treated with hydrogen peroxide 
under anaerobic conditions. DNA synthesis in cells 
treated with 0,01% hydrogen peroxide was severely 
repressed and then inhibited, but although colony 
formation was inhibited, no significant decrease in 
viability was observed during an additional 80 min 
of incubation in the presence of hydrogen peroxide. 
Exposure of cells to oxygen differs from hydrogen 
peroxide treatment of cells in that oxygen exposure 
in addition may produce fluxes of superoxide radicals 





in the environment. Both Halliwell (1982) and 
Cancelliere et al (1975) reported that superoxide 
radicals can seriously damage cell membranes, and 
that there was a correlation between this structural 
damage and a loss in viability of E.coli K12 cells . 
Oxygen can also indirectly inhibit energy-producing 
biosynthetic pathways in anaerobes, since the primary 
electron donor NADH in cells preferentially binds to 
molecular oxygen, if present, but anaerobes presumably 
have very little scope for diverting the electron flow 
for the detoxification of oxygen without the inhibition 
of other NADH-mediated cellular processes (O'Brien & 
Morris, 1971; Morris, 1976). In the light of the 
discrepancies between viability and DNA synthesis in 
oxygen- and hydrogen peroxide-treated B.fragilis cells, 
as well as the oxygen-specific damaging effects in cells, 
it is not unlikely that cell death in the anaerobe B. 
fragilis after prolonged exposure to oxygen, results 
from several biochemical and physiological responses 
which become irreversible. In E.coli it was found 
that lethally damaged cells cease to replicate their 
DNA following a defined time-point of post-damaging 
treatment incubation (Trgovcevic et al, 1981). 
UV radiation in the presence of oxygen markedly 
affected DNA synthesis in B.fragilis, while RNA 




The pattern of DNA synthesis in aerobically irradiated 
cells differed considerably from that in B.fragiZis 
cells irradiated anaerobically in the presence or 
absence of hydrogen peroxide. Previously we reported 
that DNA synthesis in B.fragiZis cells after UV 
irradiation under anaerobic conditions was characterized 
by an extensive degradation phase which continued for 
40 min before net DNA synthesis was observed (Chapter 2). 
A similar pattern of DNA degradation followed by net DNA 
synthesis was observed after irradiation of hydrogen 
peroxide-treated cells. DNA synthesis in irradiated 
cells exposed to oxygen was immediately inhibited and 
no degradation of DNA was observed. B.fragilis differs 
from other bacteria in that molecular oxygen sensitizes 
the cells to far-UV radiation (Jones et aZ~ 1980), but 
it was found that hydrogen peroxide does not have this 
sensitization effect (Slade et aZ~ l983b). Previously 
we reported that caffeine decreases the survival of B. 
fragiZis cells irradiated under anaerobic conditions. 
(Jones et aZ~ 1980; Chapter 3) and at the same time 
inhibits DNA degradation and DNA synthesis in irradiated 
cells (Chapter 2). It was thus suggested that the 
inhibition of DNA degradation and DNA synthesis by 
oxygen and UV radiation could be a reason for B.fragilis 
cells being more sensitive to UV irradiation in the 
presence of oxygen. 
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These studies on the effect of oxygen and hydrogen 
peroxide on macromolecular synthesis in unirradiated 
and UV-irradiated B.fragiZis cells do not supply 
conclusive answers to the problems of oxygen toxicity 
in anaerobes or the oxygen sensitization of B.fragiZis 
cells to far-UV irradiation. It does, however, 
characterize the macromolecular synthesis profiles 
in B.fragiZis cells exposed to all the different DNA 
damaging treatments and as such provides a basis for 
further work on the possible relationship between 
·~ 
the observed physiological responses of the anaerobe 
• 






INDUCTION OF PROTEINS BY OXYGEN AND 
HYDROGEN PEROXIDE IN UNIRRADIATED AND 
UV-IRRADIATED BACTEROIDES FRAGLLIS CELLS 
5.1 INTRODUCTION 
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Oxygen cytotoxicity is held in check by a delicate balance 
between rates of generation of reduced oxygen species and 
the rate of their removal by different protective systems 
in the cell (Fridovich, 1978) • Any shift in this 
balance may lead to cellular damage and living organisms 
have thus evolved several different defence mechanisms 
to protect themselves against the deleterious reduced 
oxygen species (Fridovich, 1975 and 1978). Some of 
these defence mechanisms, like the oxygen free radical 
scavenging enzymes NADH oxidase, catalase and superoxide 
dismutase (Morris, 1975; Hassan & Fridovich, 1977a) are 
induced in cells by the presence of their substrates. 
Since anaerobes may at some time encounter oxygen, 
their response to this strong oxidant and its free 
radicals is of great interest. Contrary to earlier 
beliefs, it has been shown that in many anaerobes 
protective enzymes are present, and even inducible by 
exposure to oxygen, presumably to enable anaerobes to 
survive transient exposures to oxygen. A basic minimum 




anaerobes in their uninduced anaerobic state: the 
complete repression of the enzymes in the absence 
of their substrate would lead to the death of the 
anaerobe if it is suddenly exposed to an aerobic 
environment • 
The scavenging ability of optimum levels of the 
protective enzymes in anaerobes may be exceeded by 
continuous and excessive aeration (Morris, 1975}. All 
of the oxygen free radicals are capable of attacking 
and damaging DNA (Chapter 4} and Fridovich (1974} 
speculated that some irreversible oxygen free radical-
mediated damage occurs in all organisms in spite of the 
existence of the protective enzymes. Unrepaired DNA 
damage can become a lethal event and it is therefore 
not unreasonable to anticipate that excessive oxidative 
DNA damage may elicit induction of repair proteins in 
living cells. Although obligate anaerobes exhibit an 
adverse sensitivity to oxygen (Morris, 1975 and 1976) 
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and B.fragiZis cells are also more sensitive to far-UV 
irradiation under aerobic than under anaerobic conditions 
(Jones et aZ, 1980} , a comparison of the proteins 
induced in anaerobes by oxygen and hydrogen peroxide, 
and by far-UV irradiation under anaerobic and aerobic 
conditions, has not been reported. 
• 193 
5.1.1 Oxygen reduction and NAD(P)H oxidases 
One of the primary defences of organisms against oxygen 
toxicity is the diversion of intracellular reducing power 
to preferentially reduce molecular oxygen. The oxygen 
reacts intracellularly mainly with NADH drawn from the 
intermediate metabolism of the cells. It has been 
shown that oxygen does not react at a significant rate 
with NADH in free solution, but enzyme-bound NADH is 
very reactive towards oxygen (Bielski & Chan, 1976). 
O'Brien & Morris (1971) were the first investigators 
to observe that the increase in the whole cell potential 
oxygen consumption (respiratory rate} which occurs when 
certain anaerobes are exposed to oxygen, coincides 
with the induction of the oxygen-reducing enzyme NAD(P)H 
oxidase, in these organisms. They reported that the 
anaerobe C.aaetobutyliaum adapts to oxygen exposure 
by increasing its NADH oxidase content, and since then 
similar systems have been reported for Selenomonas 
ruminantium (Wimpenny & Samah, 1978}, Clostridium 
sporogenes and Clostridium bifermentans (Ashley & 
Shoesmith, 1977} • Very little is known about NADH 
oxidases and peroxidases and the protection of 
anaerobes by these enzymes (Hoshino et al, 1978} , but 
Wimpenny & Samah (1978} found it interesting that the 
induction pattern of NADH oxidase in the Gram-negative 
S.ruminantium was the same as in the Gram-positive 
• 
.. 
C.acetobutyZicum. They described the NADH oxidase 
S.ruminantium as a soluble enzyme which most probably is 
a flavoprotein. 
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NAD(P)H oxidase is generally known as a hydrogen peroxide 
producing enzyme (Anders et aZ~ 1970; Low & Zimkus, 1973}. 
In some organisms this hydrogen peroxide can be converted 
to water by a NADH peroxidase (Mizushima & Kitahara, 1962; 
Dolin, 1977) • Other organisms possess a NADH oxidase 
which directly produces water from oxygen without the 
intermediate production of hydrogen peroxide. These 
organisms would have a definite survival advantage over 
the former group, and this latter type of NADH oxidase 
has been described for Clostridium perfringens (Dolin, 
1959), Streptococcus faecaZis (Hoskins et aZ~ 1962) and 
Leuconostoc mesenteroides (Kawai et aZ~l971). The 
anaerobe Peptostreptococcus anaerobius possesses both 
a NADPH oxidase which forms hydrogen peroxide as an 
intermediate oxygen radical and a NADH oxidase which 
con~erts oxygen directly to water (Hoshino et aZ~ 1978} • 
This anaerobe can survive considerable exposure to oxygen 
and it was found that oxygen reacts intracellularly mainly 
with the NADH oxidase to produce water and the deleterious 
hydrogen peroxide is only formed to a limited extent. 
Increasing the oxygen concentration above a certain 
critical level causes a rapid drop in NADH oxidase 
• 
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activity and respiratory rates in anaerobic bacteria. 
This coincides with a growth inhibition which pre-
sumably happens because the rate of consumption of NADH 
via NADH oxidase exceeds the rate at which it could be 
supplied for this purpose without hazarding its other 
essential energy-producing functions in growing cells 
(O'Brien & Morris, 1971). 
Lipsky & Hylemon (1980} reported a molecular weight of 
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260 000 for the NADH flavin oxyreductase from the anaerobe 
Eubacterium lentum while NADH flavin ·oxidases from other 
bacteria have molecular weights between 23 000 and 30 000, 
and a molecular weight of 43 000 was reported for the only 
NADPH oxidase isolated (Jablonski & DeLuca, 1977; Hasan & 
Nester, 1978; Lipsky & Hylemon, 1980). 
5.1.2 Catalases 
The oxygen free radical, hydrogen peroxide, has 
repeatedly been shown to have a highly deleterious 
effect on the integrity of DNA (Ananthaswamy & 
Eisenstark, 1977; Hartman & Eisenstark, 1978; 
Carlsson & Carpenter, 1980}. In addition, it has been 
found that this radical is very stable in solutions and 
can thus accumulate appreciably in aqueous media. 
Awareness of this threat to living organisms led to the 




According to this theory the possession of the hydrogen 
peroxide scavenging enzymes catalase and/or peroxidase 
(Saunders,l973; Stadtman, 1980) is essential for survival 
of living organisms in air, and the lack of these enzymes 
in anaerobes accounts for their oxygen sensitivity. 
Holdeman & Moore (1972) showed, however, that a large 
number of obligate anaerobes produce these enzymes and 
Hanson & Stewart (1978) recently recommended a catalase 
test as a rapid screening procedure to identify members 
of the "Bacteroides fragiZis" group of anaerobic Gram-
negative bacilli • 
Bacteroides distasonis is the anaerobe which produces 
the most catalase: the catalase levels reported for this 
organism are comparable with the level observed in the 
aerobic E.coZi (Gregory & Fridovich, 1973a) and aero-
tolerant S.faecaZis organisms (Gregory & Fridovich, 1973b). 
The B.distasonis catalase enzyme has a molecular weight 
of 250 000 and its uninduced production reaches peak 
values in late logarithmic phase (Gregory et aZ, 1977a). 
Gregory & Fridovich (1973b) claimed that catalase is not 
induced by oxygen in E.coZi cells, but Hassan & Fridovich 
(1977a) reported a 2,4-fold increase in catalase and a 
12,7-fold increase in peroxidase levels upon aeration of 
E.coZi Kl2 cells. The induction of catalase by oxygen 





Catalase isa.non-dialyzable, cyanide- and azide-sensitive, 
heat-labile protein (Gregory et al 3 1977a) which, with a 
few exceptions (Johnston & Delwiche, 1965) contains heme 
as a biologically active centre component (Bomberg & Luse, 
1963; Schonbaum & Chance, 1976). B.fragilis cannot synthe-
size its own heme and must therefore transport preformed 
hemin for synthesis of heme proteins like catalases and 
cytochromes (Sperry et aZ 3 1977) • Several other Bacter-
oides species also require preformed hemin for catalase 
production, and catalase levels of B.distasonis were found 
to vary with the amount of hemin supplied to the medium 
(Gregory et aZ 3 1977a). Ten times as much hemin is 
required for catalase production than for optimum growth 
(Wilkins et al 3 1978) • Since it is heme availability and 
not total heme concentration which is the important factor 
in determining catalase production, higher levels of 
catalase can be induced in some media if the hemin is 
added after autoclaving. The effect of hemin on catalase 
production is very specific and cannot be duplicated by 
ferrous sulphate or ferrous ammonium citrate (Gregory 
et al 3 1977a) • Vitamin K apparently acts synergistically 
with hemin in elevating the catalase specific activity 
(Gregory et al 3 1977a). The requirement for exogenously 
supplied hemin was not recognized until recently and is 
one of the reasons why catalase production in anaerobes 
remained undetected for such a long time. 
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Gregory et al (1977b) showed that catalase production 
and induction in a number of Bacteroides species is 
suppressed by the presence of glucose and other carbo-
hydrates in the medium. When cells grown in the absence 
of carbohydrates are transferred to media containing 
glucose, the residual catalase activity already in the 
cells is not destroyed, but is diluted out as the cells 
multiply without producing more enzyme. B.fragilis 
produces relatively large amounts of catalase (25 to 50 
units mg-l of protein) in the absence of carbohydrates 
(Gregory et al 3 1977b). Anaerobes are routinely cultured 
in media that contain carbohydrates as energy sources 
and this may be another reason why catalase production 
was not previously detected in anaerobes. 
Several investigators have stated that catalase induction 
does not render cells more tolerant towards oxygen 
(Gregory & Fridovich, 1973a and 1973b; Fridovich, 1974; 
Rolfe et al 3 1978) or less sensitive to hydrogen peroxide 
(Adler, 1963; Ananthaswamy & Eisenstark, 1977). Although 
catalase significantly reduces the concentration of 
hydrogen peroxide present in cells during aerobic 
metabolism (Schonbaum & Chance, 1976) its in vivo activity 
is affected by several environmental conditions. The 
endogenous catalase in thermally stressed Staphylococcus 
aureus cells is inactivated by the combined action of 
heat and the NaCl in selective Staphylococcus media; 





as a 15 000-fold increase in the enumeration of these 
thermally stressed S.aureus cells (Martinet al, 1976}. 
Catalase is also inactivated both by high concentrations 
of hydrogen peroxide, and by cysteine, which is a standard 
component of anaerobic media (Boeri & Bonnichsen, 1952; 
Alexander, 1957}. Peroxidase enzymes which are effective 
scavengers of hydrogen peroxide and are capable 
of using cysteine as a substrate in the reaction (Olsen 
& Davis, 1976}, are therefore much better suited to 
protect anaerobes (e.g. P.anaerobius) against the 
bactericidal effect of aerated cysteine-containing 
media (Carlsson et al,l979}. 
5.1.3 Superoxide dismutases 
The cytotoxicity of the superoxide radical is well 
established (Halliwell, 1982} and it is thus important 
for. all bacteria to dispose of these highly damaging 
superoxide radicals in a relatively innocuous way. 
McCord &·Fridovich (1969} were the first to report the 
existence in bacteria of superoxide dismutase enzymes 
(SODs} • SOD very efficiently catalyzes the safe 
dismutation of superoxide radicals to yield hydrogen 
peroxide and triplet oxygen (Morris, 1976}. SOD can 
also effectively quench singlet oxygen (Fridovich, 1974} 
and in E.aoli cells a definite correlation seems to 
exist between oxygen sensitivity and a lack of SOD 
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production in mutants of this organism (Hassan & 
Fridovich, 1979) • 
In 1971 McCord et al proposed the superoxide dismutase 
theory of obligate anaerobiosis in which they stated that 
the lack of this important enzyme accounted for the aero-
intolerance of anaerobes. The production of this enzyme 
is, however, not restricted to aerobic and aerotolerant 
bacteria and a few years after McCord et al proposed 
their theory, SOD was discovered in several aero-
intolerant, and even strict anaerobic, bacteria (Hewitt 
& Morris, 1975; Ashley & Shoesmith, 1977; Gregory et al, 
19 78) • The aero-intolerant bacteria in which the 
presence of SOD has been demonstrated include Chlorobium, 
\ . 
Desulfovibrio, Clostridium (Morris, 1976) and several 
Bacteroides species (Carlsson et al, 1977; Gregory et al, 
1977a; Tally et al, 1977; Rolfe et al, 1978) , and in the 
anaerobes Bacteroides (Carlsson et dl 1977; Tally et al, 
1977), Clostridium (Ashley & Shoesmith, 1977) and S. 
ruminantium (Wimpenny & Samah, 1978; Samah & Wimpenny, 
1982) the levels of SOD present in the cells correlate 
well with the oxygen tolerance of these organisms. The 
SOD level in certain Bacteroides species is similar to or 
even greater than that reported for E.coli (Gregory et al, 
1978) • The presence of SOD in strict anaerobes has been 
explained in different ways. The most plausible explana-





transient exposures to oxygen, albeit with growth 
inhibition (Tally et at~ 1977; Halliwell, 1982) . Lumsden 
& Hall (1975) thought that SOD in anaerobes provides 
protection against superoxide radicals formed by cosmic 
radiation, while Tally et al (1977) also proposed that 
SOD is used as a virulence factor by pathogenic anaerobes. 
There are four different types of SODs known. Copper-
and zinc-containing superoxide dismutases (Cu/Zn SOD) 
are characteristic of the cytosol of eucaryotic cells, 
although similar enzymes have been found in the 
procaryotes Photobaaterium leioyhathi and Miaroaoaaus 
denitrifiaans ·{Bannister & Bannister, 1981). Manganese 
SODs (MnSODs} are common to both procaryotes (Vance 
et al~ 1972; Weisiger & Fridovich, 1973) and eucaryotes 
(Bannister & Bannister, 1981), but SODs containing iron 
(FeSODs) have only been isolated from procaryotes 
(Bannister & Bannister, 1981}. In E.aoli a MnSOD is found 
in the cell matrix (Keele et al~l970; Gregory et aZ~l973} 
and presumably protects the organism against endogenously 
produced superoxide radicals (Rolfe et al~ 1978) , while 
FeSOD is found in the periplasmic space (Gregory et al~ 
1973; Yost & Fridovich, 1973} and may protect against 
exogenously generated superoxide radicals. This latter 
type of protection may be important for anaerobes which 
reduce little or no oxygen internally and will also be 
advantageous in the establishment of infections in well 
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oxygenated tissues (Rolfe et al, 1978) • 
The MnSOD in E.coti cells is inducible by exposure to 
oxygen, while the FeSOD is constitutively produced in 
this organism (Hassan & Fridovich, 1977a) . A second, 
previously undescribed SOD is also induced in anaerob-
ically grown E.aoli Kl2 cells exposed to air (Hassan 
& Fridovich, 1977a) • The induction of SOD is rapid 
(Fridovich, 1974), but the two inducible SODs in E. coli 
differ in their responsiveness to oxygen: very low levels 
of oxygen cause a near maximal induction of MnSOD, whi·le 
the induction of the new SOD requires much higher levels 
of oxygen. Consequently Hassan & Fridovich (1977a) 
suggested that the differences in oxygen sensitivity 
between E.coli Kl2 and E.coli B may be quantitative rather 
than qualitative. The non-inducibility of FeSOD may be 
' 
due to a deficiency of iron as a result of the induction 
of cytochromes and other iron-containing proteins upon 
aeration of E.aoli cells. 
The SOD in E.aoli can be induced to 25 times the anaerobic 
level (Gregory & Fridovich, 1973b), while the maximum 
level of SOD in S.faeaalis is 16-fold higher than the 
uninduced level of SOD present in the cells during 
anaerobic growt~ (Gregory & Fridovich, 1973b). The 
increase in intracellular SOD correlates well with a gain 
in resistance to hyperbaric oxygen in E.aoti, S.faeaalis 
• 
and Saccharomyces cerevisiae (Fridovich, 1972; Gregory 
& Fridovich, 1973a and 1973b; Fridovich, 1974; Gregory 
& Fridovich, 1974: Fridovich, 1975; Hassan & Fridovich, 
1977a) • Bacteroides species contain a low level of SOD 
in cells grown under anaerobic conditions; when these 
cells are exposed to 2% oxygen, growth is inhibited and 
the SOD content increases to 5 times the anaerobic 
level (Gregory et al~ 1977a). 
Hassan & Fridovich found that intracellular concentrations 
of SOD in E.coli cells can be manipulated not only by 
aeration (1977a) but also by changing the metabolism 
from fermentative to respiratory (1977c). Glucose 
indirectly depresses the level of SOD in E.coli, since 
the fermentative catabolism of glucose is associated with 
a low rate of superoxide radical production (Hassan & 
Fridovich, 1977c). Once the glucose in the medium is 
exhausted, or the pH has fallen low enough because of an 
accumulation of organic acids, a shift from fermentative 
to predominantly oxidative catabolism occurs. The oxida-
tive degradation of the nitrogenous compounds generates 
many more superoxide radicals, and the SOD levels in the 
organism are elevated under these conditions (Hassan & 
Fridovich, 1977c). A change in the growth rate of 
chemostat cultures also appears to affect the SOD levels 
in E.coli cells (Hassan & Fridovich, 1977b). 
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The presence of the SOD enzyme can be detected both in 
solutions and in gels. In solution SOD prevents the auto-
oxidation of pyrogallol (1,2,3-benzenetriol) (Marklund & 
Marklund, 1974) , while the presence of SOD can be detected 
in polyacrylamide gels as brown bands against an unstained 
background (Misra & Fridovich, 1977) or achromatic bands 
against a blue background (Beauchamp & Fridovich, 1971). 
The latter is the most often used detection system and is 
based on the inhibition by SOD of the superoxide radical-
mediated reduction of nitroblue tetrazolium to blue forma-
zan ( Rajagopalan & Handler, 19 64; Beauchamp & Fridovich, 
1971; Morris, 1975). 
Rolfe et al (1978) found three bands which showed SOD 
activity when aerobicallygrown E.coli cells were resolved 
on polyacrylamide gels, whereas anaerobically grown cells 
only exhibited two SOD bands. Halliwell (1982) mentioned 
that E.coli loses it MnSOD when grown anaerobically, but 
retains its FeSOD, presumably to allow it to survive re-
exposure-to oxygen (whereupon it promptly resynthesizes the 
MnSOD). Rolfe et al (1978) stated that most anaerobes 
containat least two electrophoretically distinct SOD 
enzymes and that the Rf values of SODs from B.fragilis 
and C.perfringens are very similar. Bacteroides vulgates 
possesses three. SOD enzymes, two with Rf values similar 
to the SODs in B.fragilis. Eubacterium lentum is the only 
anaerobe studied so far which exhibits a single band of SOD 
activity (Rolfe et al, 1978) • 
• 
SOD is a metalloprotein which operates with extra-
ordinary catalytic efficiency (Fridovich,l974). The 
catalytic action of SOD is due to alternate reduction 
and reoxidation of the active site metal during 
successive encounters with superoxide radicals 
(Bannister & Bannister, 1981). The apoenzyme is 
devoid of catalytic activity and activity is only 
regained once the metal prosthetic group is restored 
(Fridovich, 1981) • The complete amino acid sequence 
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has been determined for the MnSODs from E.aoZi (Steinman, 
1978) and BaaiZZus stearothermophiZus (Bannister & 
Bannister, 1981), but no FeSOD has been sequenced in full 
as yet. There exist extensive sequence homologies 
between N-terminals of FeSOD and MnSOD (Harris et aZ, 
1980). FeSOD is a dimer, while MnSOD can be dimeric 
or tetrameric, and Bannister & Bannister (1981) reported 
that these enzymes are composed of identical, non-
covalently bound subunits of molecular weight 22 000 
to 23 000. Fee (1981) quoted the molecular weight of 
FeSOD to be 38 000 and the molecular weight of the 
inducible MnSOD as 40 000/80 000, while Gregory et aZ 
(1977a) reported the molecular weight of the SOD in 
B. distasonis to be 40 000. 
5.1.4 Synergism amon~st protective enzymes 





to account for an organism's resistance to oxygen damage 
in the face of the pleiotropic response of the cell to 
excessive aeration. A more likely explanation for the 
observed oxygen tolerance in organisms would entail the 
synergistic interaction between two or more of the 
protective enzymes. 
One of the byproducts of oxygen reduction by NADH 
oxidase is the superoxide radical (Wimpenny & Samah, 
1978). In the anaerobe S.ruminantium a SOD enzyme is 
induced at the same time as the NADH oxidase and 
complements the NADH oxidase action in protecting 
these organisms against oxygen toxicity (Wimpenny & 
Samah, 1978; Samah & Wimpenny, 1982). Wimpenny & 
Samah reported in 1978 that the inducible SOD responded 
to higher oxygen concentrations than the NADH oxidase 
and that SOD levels were highest in cells whose 
growth was completely inhibited by oxygen. In 1982, 
however, they modified this statement and reported that 
the act-ivity of SOD declines at high oxygen concentra-
tions. The induction of NADH oxidase reaches a maximum 
at a higher aeration level than the aeration level 
necessary to evoke maximum SOD production. Both NADH 
oxidase and SOD activities decrease at oxygen concentra-
tions high en~mgh to inhibit growth in S. ruminan ti um 
(Samah & Wimpenny, 1982). 
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The catalase enzyme is inhibited by fluxes of super-
oxide radicals: these radicals are small enough to gain 
access to the hemes of catalase and convert the resting 
enzyme to the inactive ferro-oxy state (Kono & Fridovich, 
1982). This inhibition occurs in two distinct ways: the 
first type of inhibition is rapidly established and can 
be prevented and reversed by SOD, while the second type 
develops slowly and is reversed by ethanol but not by 
SOD. In any reaction mixture generating both hydrogen 
peroxide and superoxide radicals, the effective 
scavenging ability of catalase is therefore enhanced 
by the simultaneous presence of active SOD. In addition, 
superoxide radicals also react with 'peroxidases, rendering 
them relatively inactive (Odajima & Yamazaki, 1970 and 
1972) , and the presence of SOD in the reaction mixture 
also relieves this inactivation by harmlessly dismutating 
the superoxide radicals (Odajima & Yamazaki, 1972) • 
Hydrogen peroxide radicals, on the other hand, can 
inactivate Cu/Zn and FeSODs (Beauchamp & Fridovich, 1973; 
Asada et al 3 1975; Hodgson & Fridovich, 1975) and 
catalase consequently markedly enhances the protective 
effect afforded to organisms by SOD (Kellogg & Fridovich, 
1977). Kono & Fridovich (1982) thus concluded that 
catalase and SOD constitute a mutually ·protective set of 
enzymes. 
• 
5.1.5 Influence of growth media on the production 
of protective enzymes 
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The induction and production of both SOD and catalase in 
bacteria are influenced by the nature of the suspending 
medium. Rolfe et at (1978) found that anaerobic bacteria 
grown on the surface of agar plates produced more of the 
protective enzymes than bacteria grown in liquid media, 
while Wilkins et aZ (1978) reported that more catalase 
was produced by Bacteroides cells growing in broth than 
in the same type of media prepared with agar. 
E.coZi cells grown in complete media show higher levels 
of SOD when exposed to fluxes of superoxide radicals 
generated by paraquat under aerobic conditions, than 
those cells grown in minimal medium (Moody & Hassan, 
1982) • In complete media there is a linear correlation 
between SOD content and the concentration of paraquat, 
whereas in minimal medium the cells are unable to 
increase th~ir level of SOD beyond that caused by a 
paraquat concentration of O,lmM. Fluxes of superoxide 
radicals have no effect on the catalase level in 
cells in complete medium, but catalase is increased by 
2- to 4-fold .in cells grown in minimal medium and sub-
sequently exposed to paraquat under aerobic conditions 
(Moody & Hassan, 1982) • In general it therefore appears 
as if superoxide radicals are more toxic in a simple 
nutritionally restricted medium than in a rich complex 
medium. 
• 
5.1.6 Effect of oxygen at the genetic/metabolic level 
The induction of SOD and catalase by oxygen has been 
seen by many investigators as a form of adaptation of 
living organisms to hyperoxia (Fridovich, 1981) • 
Nierlich (1978) found that bacteriostatic hyperoxia 
actually evokes a stringency response. Stringency 
is a pleiotropic response under the control of the rel 
genes (Gallant, 1979) and subjects the whole of the 
cellular metabolism to major changes. The inability 
to exhibit a stringency response and thus to adapt 
to hyperoxia, leads to cell death in hyperoxygenated 
relA E.coli cells (Fee, 1981). Chloramphenicol, 
tetracycline and rifampicin can interfere with the 
onset of stringency (Sokawa & Sokawa, 1978; Glass 
et al~ 1979) and Fee (1981) suggested that the 
induction of MnSOD is part of this response. 
The onset of stringency is characterized by the marked 
accumulation of the regulatory nucleotide guanosine 
5'-diphosphate 3'-diphosphate (ppGpp) (called the 
"engine of stringency .. by Fiil et al~ 1977). The 
involvement of both ppGpp and guanosine 5'-triphosphate 
3 '-diphosphate (pppGpp) in the regulation of a number 
of gene functions and a variety of bacterial operons 
has been reported (Cashel & Gallant, 1974; Cashel, 
1975; Stephens et al~ 1975) • This regulation occurs 
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at the RNA level in E.coli by the restriction of the 
transcription of rRNA by ppGpp (Arbige & Chesbro, 1982) • 
However, stringency is not a result of oxygen poisoning 
alone. Arbige & Chesbro (1982) found that a falling 
glucose level evokes ppGpp accumulation in E.coli cells 
grown in a continuous fermenter, and several other 
investigators reported that ppGpp accumulates in bacteria 
after any environmental perturbation affecting the energy . 
supply system in the cells (Lazzarini et al~l97l; Lund 
& Kjeldgaard, 1972; Hansen et al~ 1975; Johnsen et al~ 
1977; Jacobson & Jacobson, 1980; Richter, 1980). Glass 
et al (1979) made the interesting discovery that aeration 
of the obligate anaerobe Bacteroides thetaiotaomicron 
leads to the marked increase in the concentrations of 
both ppGpp and pppGpp. This was the first report of 
the phenomenon of ppGpp and pppGpp accumulation in 
anaerobes. Glucose exhaustion in the growth medium 
can elicit the same response in B.thetaiotaomicron and 
Glass e~ al (1979) postulated that the impairment of 
glycolysis by oxygen serves to deplete the pool size 
of a key metabolite(s). This could then trigger the 
induction of a typical stringency reponse in B. 
thetaio.taomicron, which becomes evident in the abrupt 
cessation of macromolecular synthesis in cells exposed 
to air (Glass et at~l979). 
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A bacteriostatic inhibition of growth is part of the 
stringency reponse in B.thetaiotaomicron (Glass et al, 
1979) • In E. coli it was found that the synthesis of 
membranes and septa and the elongation of cells are also 
regulated by ppGpp (Nierlich, 1978; Gallant, 1979). 
At concentrations of ppGpp not high enough to affect 
RNA polymerase and transcription of rRNA, the activity 
of the enzymes involved in phospholipid and peptidoglycan 
synthesis in E.coli is affected and growth becomes 
restricted (Arbige & Chesbro, 1982) • "Primed sites" 
accumulate in areas of cell wall addition and incipient 
septation (Sloan & Urban, 1976) and cells are poised 
to complete cell elongation, septum formation and cell 
division. This potential is realized in E.coli upon 
restoration of normal energy levels (Arbige & Chesbro, 
1982) • The available energy enables the product of 
the spoT gene, guanosine 3',5'-bis (diphosphate) 3'-
pyrophosphohydrolase (ppGppase) to become functional 
again and to rapidly degrade ppGpp (De Boer et al, 
1975; Tetuet at, 1980). It is not clear whether an 
analogous mechanism of derepression may be responsible 
for the resumption of growth and macromolecular synthesis 
in anaerobes such as C.acetobutylicum where the 
restoration of this organism to anaerobic conditions 
coincides witq a rise in intracellular ATP levels 
(O'Brien & Morris, 1971). 
Although the induction in anaerobes of the protective 
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enzymes, NADH oxidase, catalase and SOD, by oxygen has 
been extensively studied, nothing is known about the 
induction of DNA repair proteins under aerobic conditions 
in anaerobic bacteria. In the anaerobe B.fragilis phage 
reactivation is induced by both oxygen and hydrogen 
peroxide (Slade et aZ~l983a and 1983b). However, the 
presence of oxygen increases the sensitivity of B.fragilis 
cells to far-UV irradiation (Jones et al~l980), whereas 
pretreatment of the cells with hydrogen peroxide increases 
the survival of both irradiated phage and cells (Slade 
et aZ~ 1983b) • Oxygen does not affect the number of 
pyrimidine dimers induced by far-UV irradiation in 
B.fragilis, but LHR in this organism only occurs under 
aerobic conditions (Jones & Woods, 1981); LHR in E. coli 
is only observed in recA mutants (Ganesan & Smith, 1968). 
It has been shown that although the presence of oxygen 
sensitizes E.coli and CZosterium moniliferum cells to 
killing by X-rays, oxygen does not influence the induction 
of x-radiation resistance (i.e. repair proteins) (Bryant, 
1976; Howard & Cowie, 1978). 
In order to elucidate the relationship between the cell 
survival characteristics and phage reactivation systems 
induced by oxygen, hydrogen peroxide and UV light in 
the anaerobe Jl.fragilis, we compared the number and 
molecular weights of the proteins induced by these DNA-




MATERIALS AND METHODS 
Bacteria and media 
These studies were carried out on a B.fragilis strain 
(Bf-2} which has been described in section 2.2.1 and 
was used in our previous studies on far-UV irradiation 
(Jones et al~l980; Jones & Woods, 1981; Slade et aZ~ 
1981, 1983a and 1983b}. Brain heart infusion broth 
and agar, supplemented with hemin, menadione, and 
cysteine (Holdeman & Moore, 1972} were used for 
bacterial propagation at 37°C. Prereduced one-
quarter-strength Ringer solution was used as a 
dilution buffer (Jones & Woods, 1981}. Irradiation and 
radioactive labelling of the cells were carried out in 
a defined minimal medium (Varel & Bryant, 1974}. 
5.2.2 Anaerobic and aerobic treatments 
All manipulations and treatments requiring anaerobic 
conditions were carried out in an anaerobic glove 
cabinet (Forma Scientific, Marietta, Ohio} in an 
atmosphere of 70% N
2
, 20% co2 and 10% H2 • Cultures 
were aerated in an aerobic incubator by shaking 4ml 
samples in 14rn.l glass centrifuge tubes. The redox 
indicator, resazurin, in the medium was pink during 




5.2.3 Induction by oxygen and hydrogen peroxide and 
labelling of proteins 
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Overnight cultures of B.fragilis in brain infusion broth 
were diluted 100-fold in minimal medium and reincubated 
until the cultures reached a turbidity of 0,2 at 600nm 
(1 x 108 to 2 x 108 c.f.u. ml-l} and were in early 
exponential phase. Samples (4 ml} were with exposed 
to oxygen or treated with sublethal concentration of 
hydrogen peroxide (0,0025%) for different time intervals 
(0, 10 and 25 min). Both these treatments have been shown 
to induce phage reactivation (Slade et al, 1983a and 
1983b). Samples (2 ml} of the induced cells were pulse-
labelled for 10 min at 37°c by the addition [ 35s] meth-
ionine (Radiochemical Centre, Amersham, England) (10 ~g . 
-1 -1 
ml ; 40 ~Ci ml } • After labelling 'in the presence of 
oxygen and/or hydrogen peroxide the cells were collected 
by centrifugation with a microfuge, washed twice with 
Ringer solution, and suspended at a 40-fold concentration 
of the original cell volume in electrophoresis buffer 
containing sodium dodecyl sulphate (SDS) . The samples 
were then boiled for 2 min and either resolved immediate-
ly by polyacrylamide slab gel electrophoresis (PAGE) or 
stpred at -2o0 c until required. 
5.2.4 UV irradiation 
The effect of UV radiation on oxygen- and hydrogen-
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peroxide treated cells and the induction of protein 
was determined. Samples (9 ml) of exponential phase 
cultures were irradiated in open glass petri dishes with 
a Fluotest Piccolo Hanau Quartz germ~cidal lamp (254 run). 
The dose rate was measured with a Blak-Ray UV meter (model 
J-225; UV Products Inc., San Gabriel, Calif.) and samples 
were irradiated at a dose rate of l J m- 2s-l In 
experiments where the effect of uv and oxygen on the 
induction of proteins was studied, the exponential phase 
culture were exposed to air for a few seconds before 
irradiation in the presence of oxygen. Irradiation was 
not carried out in the presence of hydrogen peroxide, 
but the hydrogen peroxide was added to the cultures 
immediately after UV irradiation. Survival curves for 
cells· irradiated with increasing UV influences were 
determined and labelling experiments were routinely 
carried out with cultures irradiated to a survival 
level of approximately 0,1%. 
5.2.5. Effect of c~ffeine 
The effect of caffeine on the production of oxygen-
induced proteins was determined. The minimal inhibitory 
concentration of caffeine was 2,5 mg ml-1 . Caffeine 
(1 mg ml~1 ) wa$ added to the broth cultures immediately 
and 25 min after exposure to oxygen. When caffeine was 
added immediately after exposure to oxygen, the cells 
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were held in the presence of caffeine for 25 min before 
labelling with [ 35s] methionine. Cells that were exposed 
to oxygen for 25 min before caffeine was added, were held 
for 10 min in the presence of the inhibitor before label-
ling with [ 35s1 methionine. 
5.2.6 Electrophoresis and autoradiography 
The labelled proteins were subjected to discontinuo~s 
SDS-8,4% PAGE according to the methods described by 
Laemmli (1970) and O'Farrell (1975). The samples (20 1-1l) 
were stacked at lOOV and then resolved on 0,5 mm-thick 
Hoefer slab gels at 30 rnA per gel at 4°C. The gels were 
stained with Coomassie brilliant blue (0,05%, wtjvol), 
destained, washed and dried. Labelled protein bands 
were visualized by exposing the dried gels to Kodak X-
Omat MA X-ray film at -20°C for 28 to 42 days (Lasky 
& Mills, 1975). Molecular weight markers were supplied 
by BDH Biochemicals Ltd. (Poole, England) and consisted 
of cross-linked polymers of a purified degradation pro-
duct of myoglobin with a molecular weight range from 
14 300 to 71 500. Purified human transferrin (mole-
cular weight 90 000; Sigma Chemical Co., St. Louis, 
Mo.) was used as an additional marker. The autoradiograph 
strips were scanned with a Beckman DU-8 spectrophoto-
meter with a gel scanner attachment. 
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5.3 RESULTS 
5.3.1 Oxygen induction of proteins 
In eight independent experiments exposure of exponential 
phase B.fragiZis cells to oxygen resulted in the induction 
of a new 37 COO-molecular weight protein (protein 5} and 
the induced synthesis of three other proteins with mole-
cular weights of 106 000, 90 000 and 70 000 (proteins 6, 
2 and 3, respectively) (Figs 5.1 and 5.2). The 106 000-, 
90 000- and 70 COO-molecular weight proteins were synthe-
sized in small amounts in anaerobic cells and the induced 
synthesis of the 90 000- and 70 COO-molecular weight 
proteins (proteins 2 and 3) was observed previously in 
cells irradiated with UV light under anaerobic conditions 
(Chapter 3; Schumann et aZ., 1982). The production of a 
40 000-molecular weight protein (protein 4) was inhibited 
by oxygen. The other labelled proteins in the autoradio-
grams were not affected by oxygen and showed relatively 
minor variations after exposure to oxygen (Figs 5.1 and 
5. 2} • 
5.3.2 Hydrogen peroxide induction of proteins 
Treatment of B.fragilis cells with hydrogen peroxide 
under anaerobic conditions also induced the synthesis 
of the 106 000-, 90 000- and 70 000-molecular weight 
proteins (proteins 6, 2 and 3, respectively) (Fig 5.3) 
• 
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cells lab e lle d 15 min after irradiation (E). MW, 
Molecular we ight ( 10 3). The arrows indicate the 










FIG 5.2 Densitometric comparison of [ 35s] methionine-
labelled protein bands after SDS-PAGE of extracts of 
anaerobic B.fragilis cells (a), cells exposed to oxygen 
for 25 min (b) and cells exposed to oxygen for 30 min 
after 
Cells 
f ar-UV irradiation under aerobic conditions (c) . 
were irradiated to a survival level of 0, 1 % and 
cell samples were labelled for 10 min at 
The induced proteins of molecular weights 106 000, 
90 000, 70 000 and 37 000 are indicated by 6, 2, 3 and 5 
respectively. The 
molecular weight of 
by oxygen. 
product ion of 
40 000 (protein 
a protein with 
4) is inhibited 
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FIG 5.3 SDS-PAGE of extracts of B.fragilis cells 
treated with hydrogen peroxide. The lanes represent: 
anaerobic cells (A) ; anaerobic cells treated with 
hydrogen peroxide for 10 min (B) and 25 min (C); 
anaerobically irradiated cells treated with hydrogen 
peroxide for 25 min (D); cells exposed to oxygen 
and hydrogen peroxide for 25 min (E). MW, Molecular 
weight (103). The arrows indicate the positions 
of induced or inhibited proteins. 
• 
which were synthesized in small amounts in the absence 
of hydrogen peroxide. Hydrogen peroxide did not cause 
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the induction of a 37 GOO-molecular weight protein (protein 
5) and the level of the 40 GOO-molecular weight protein 
(protein 4) was not affected by hydrogen peroxide. 
However, hydrogen peroxide induced the synthesis of 
moderate levels of the 95 GOO-molecular weight protein 
(protein 1) which was also induced by UV irradiation 
under anaerobic conditions, but was absent in unirradiated 
anaerobic cells (Chapter 3; Schumann et al, 1982) • 
5.3.3 Oxygen and hydrogen peroxide treatment of cells 
Simultaneous treatment of B.fragiZis cells with oxygen 
and hydrogen peroxide resulted in the induced synthesis 
of the 106 ooo~, 90 ooo-, 70 ooo~ and 37 ooo~molecular 
weight proteins (proteins 6, 2, 3 and 5, respectively), 
and the synthesis of the 40 GOO-molecular weight protein 
(protein 4) was inhibited (Fig 5.3). Although. hydrogen 
peroxide induced a 95 GOO-molecular weight protein 
(protein 1) under anaerobic conditions, this protein 
(which was also induced by UV irradiation under 
anaerobic conditions) was not induced in cells exposed 
to oxygen and hydrogen peroxide. 
• 
5.3.4 Effect of oxygen and hydrogen peroxide on the 
induction of proteins by UV light 
Irradiation.of B.fragilis cells with far-UV light under 
aerobic conditions and reincubation of the irradiated 
cultures for 30 min in the presence of oxygen prior to 
pulse-labelling, resulted in the induction of the 
90 000-molecular·weight protein (protein 2) and the 
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greatly enhanced synthesis of the 70 000-molecular weight 
protein (Figs 5.1 and 5.2). The 40 000-molecular weight. 
protein (protein 4) was inhibited and the 37 000-molecular 
weight protein (protein 5) was only induced to low levels 
under these conditions (F~g 5.1). 
Cells which were exposed to oxygen for 30 min and then 
returned to the anaerobic cabinet for 10 min before 
irradiation and incubation for a further 15 min before 
pulse-labelling, showed the induction of 95 000-molecular 
weight protein (protein 1) in addition to the 90 000- and 
70 000-mole9ular weight proteins (proteins 2 and 3) (Fig 
5.4). Although these cells had been exposed to oxygen 
prior to incubation and irradiation under anaerobic 
conditions, the synthesis of the 106 000- and 37 000-
molecular weight proteins and the inhibition of the 











FIG 5.4 Densitometric comparison of [35s] methionine-
labelled protein bands after SDS-PAGE of extracts 
of anaerobic B.fragilis cells (a), cells irradiated 
under anaerobic conditions after exposure to oxygen 
for 30 min (b) and cells exposed to oxygen for 30 min 
after irradiation under aerobic conditions (c) • 
Cells were irradiated to a survival level of 0,1% 
and cell samples were labelled for 10 min at 37°C. 
The induced 
95 000, 90 
proteins of molecular weights 
000, 70 000 and 37 000 are 
106 000, 
indicated 
by 6, 1, 2, 3 and 5, respectively. The production 
of a protein with molecular weight of 40 000 (protein 4) 
. is inhibited by oxygen. 
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The treatment of UV-irradiated cells with hydrogen 
peroxide under anaerobic conditions induced the syn-
thesis of the 106 000-, 95 000-, 90 000- and 70 COO-
molecular weight proteins (proteins 6, 1, 2 and 3, 
respectively) (Fig 5. 3) • The levels of the 40 000- and . 
37 COO-molecular weight proteins (proteins 4 and 5) 
were not affected by treatment of UV-irradiated cells 
with hydrogen peroxide under anaerobic condi.tions. 
5.3.5 Effect of caffeine 
The addition of sublethal concentrations of caffeine 
immediately after exposure of the cells to oxygen 
inhibited the induction of the 90 000- and 70 COO-
molecular weight proteins (proteins 2 and 3) (Fig 5.5). 
After treatment with caffeine the concentrations of 
224 
the two proteins were similar to those in the unexposed 
cells. The addition of caffeine 25 min after exposure 
to oxygen, had no effect on the induction of the 90 coo-
and 70 000- molecular weight proteins (proteins 2 and 3) . 
Caffeine did not prevent the induction by oxygen of the 
106 000- and 37 COO-molecular weight proteins (proteins 
6 and 5) , but there was a decrease in the concentration 
of the oxygen-induced 37 COO-molecular weight protein 
after treatment with caffeine. 
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FIG 5. 5 Effect of caffeine o n the induction 
of prot e ins by oxygen in B. fragilis . The lanes 
represent SDS-PAGE extracts of : anaerobic ce lls (A); 
cells exposed to oxygen for 25 min (B); c e lls expos e d 
to oxygen with caff eine (1mg ml- 1 ) added immediately (C) 
and 25 min aft e r exposure to oxygen ( D) . The cells 
in (c) were he ld for 25 min before labell ing. MW, 
Molecular weight (10 3 ). The arrows indicate the 
positions of induced or inhibited proteins. 
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5.4 DISCUSSION 
Exposure of exponential phase B.fragiiis cells to oxygen 
induced two proteins (molecular weights of 90 000 and 
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70 000) which were also induced by treating the B.fragilis 
cells with hydrogen peroxide under anaerobic conditions. 
Previously we showed that far-UV irradiation of the cells 
resulted in the induction of the same 90 000- and 70 000-
molecular weight proteins (Schumann et al, 1982). All 
three treatments are capable of damaging DNA (Beukers & 
Berends, 1960; Ananthaswamy & Eisenstark, 1977; Moody & 
Hassan, 1982) and all three have been shown to induce 
phage reactivation systems in B.fragilis (Slade et al, 
1983a and 1983b) which differ in certain respects but 
may share common components. The addition of sublethal 
concentrations of caffeine to B.fragilis cells immediately 
after irradiation in the presence of oxygen prevented the 
induction of both the 90 000- and the 70 000-molecular 
weight proteins; caffeine also inhibited these two 
proteins after similar treatment under anaerobic 
conditions (Schumann et al, 1982). On a physiological 
response level caffeine reduces the survival of UV-
irradiated B.fragilis cells (Jones et al, 1980) and 
hydrogen peroxide-induced phage reactivation (Slade 
et al, 1983b) , and also completely inhibits oxygen-
induced (Slade et al, 1983a) and UV-induced (J.R.Parker, 
personal communication) phage reactivation. These 
•• 
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results support the conclusion drawn in Chapter 3 that 
the 90 000- and 70 000-molecular weight proteins may be 
involved in excision repair processes·in B.fragilis, and 
in addition sugge~t that these two proteins are closely 
associated with phage reactivation processes in this 
anaerobe. 
It is interesting that_although we reported .the induction 
by oxygen of a host cell reactivation system in B.fragilis 
which enhanced the survival of irradiated phage (Slade et 
al, 1983a), this phage repair system is apparently unable 
to decrease the sensitivity of the cells to UV radiation 
under aerobic conditions. An analogous and seemingly 
contradictory situation has been shown to occur in 
Haemophilus influenzae (Notani & Setlow, 1980) • A 
small dose of UV radiation followed by 30 min incubation 
produced maximum reactivation of UV irradiated phage, and 
pretreatment of cells with the low dose of UV radiation 
might be expected to make the cells less sensitive to 
subsequent UV doses. However, this did not occur and 
pretreatment with UV caused the H.influenzQe cells to 
be more sensitive. Aeration of B.fragilis cells also 
leads to the cells being more sensitive to UV irradiation 
than they are under anaerobic conditions in the absence 
or presence of hydrogen peroxide (Jones et al, 1980; 
Slade et al, 1983b). Exposure of B.fragilis cells to 
oxygen inhibited the synthesis of the 95 000-molecular 
•• 
weight protein which was induced by UV irradiation 
under anaerobic conditions (Schumann et aZ, 1982) and 
by the hydrogen peroxide treatment of B.fragilis cells 
under anaerobic conditions. Oxygen also inhibited the 
synthesis of a 40 000-molecular weight protein. This 
inhibition appears to be a specific effect of molecular 
oxygen, since the level of this enzyme was unaffected 
by hydrogen peroxide treatment and UV irradiation of 
the cells under anaerobic conditions. It is therefore 
tempting to speculate that the inhibition of synthesis 
of either one or both the 95 000- and the 40 000-
molecular weight proteins by oxygen renders the cells 
more sensitive to UV light. 
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At this point nothing is known about the functions of 
these two g.ene products. Some observations may, however, 
indicate possible relationships. LHR in B.fragilis only 
occur in the presence of oxygen (Jones & Woods, 1981) 
i.e. in the absence of the 95 000- and 40 COO-molecular 
weight proteins. In E.coZi LHR is dependent on functional 
uvr and pol gene products (Ganesan & Smith, 1969; Tang & 
Patrick, 1977b) and is only observed in recA mutants 
Ganesan & Smith, 1968). The E.coZi recA+ protein has a 
molecular weight of c 40 000 (Gudas & Mount, 1977; 
McEntee & Epst,ein, 1977; Sancar et aZ, 1980). A protein 
with similar recA+-type functions could, however, have 
a different molecular weight in B.fragiZis. + RecA 
induction in E.coli is very much dependent on the 
generation of DNA degradation products (Gudas & Pardee, 
1975; Oishi & Smith, 1978; Oishi et al, 1981). The DNA 
synthesis profile of B.fragilis cells exposed to oxygen 
or irradiation in the presence of oxygen, lacked the 
phase of extensive DNA degradation observed after UV 
irradiation under anaerobic conditions in the absence 
and presence of hydrogen peroxide (Chapter 4) • The 
95 000-molecular weight protein is not induced in 
B.fragilis cells in the presence of oxygen. 
Although we did not assay for the production of 
specific radical scavenging enzymes, there is some 
doubt as to whether catalases were involved in our 
experimental system. Glucose has been shown to inhibit 
catalase production and induction in a number of 
Bacteroides species. (Gregory et al, 1977b) • In our 
experiments B.fragilis was grown and exposed to oxygen 
and hydrogen, peroxide in a minimal medium containing 
glucose ·as sole carbon source. However, both oxygen 
and hydrogen peroxide (but not UV light) induced the 
106 000-molecular weight protein and synthesis of 
2~9 
this protein may be due to the oxygen radical, hydrogen 
peroxide. The catalase enzyme isolated from B.distasonis 
has a molecular weight of 250 000 (Gregory et al, 1977a) . 
High levels of SOD are induced in various Bacteroides 
species by exposure to oxygen (Gregory et al, 1977a; 
•• 
Tally et al, 1977; Gregory et al, 1978; Rolfe et al, 
1978) • The molecular weight of the inducible SOD in 
B.diatasonia is 40 000 and in E.aoli the inducible 
MnSOD consists of subunits with molecular weights of 
40 000 (Gregory et al, 1977a; Fee, 1981). Oxygen 
specifically induced a 37 ooo~molecular weight protein 
in B.fragilis cells which was not induced by either 
hydrogen peroxide treatment or UV irradiation of the 
cells. It is therefore suggested that the 37 000-
molecular weight protein in B.fragilis cells could be 
an inducible SOD protein. 
These studies with the anaerobe B.fragilis showed the 
induction of specific proteins and the synthesis of 
many other proteins d.uring pulse-labelling experiments 
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in the presence of oxygen. It confirms our previous 
conclusion that B.fragilis Bf-2 differs from B.theta-
iotaomiaron in that protein synthesis is not immediately 
inhibited by oxygen. It is not clear as yet whether the 
ability of B.fragilis to continue synthesizing proteins 
in the presence of oxygen and to induce proteins involved 
in repair processes by exposure of the cells to oxygen, 
is linked to its greater oxygen tolerance in comparison 
with certain other strict anaerobes. 
•• 
CHAPTER 6 
SUMMARY AND CONCLUSION 
It has become apparent in recent years that funda-
mental studies on the molecular genetics of anaerobes 
are important in furthering our understanding of the 
biochemistry, physiology and pathogenicity of anaerobes, 
as well as in realizing their potential in biotech-
nology. 
Initial studies on the physiological response of the 
anaerobe B.fragilis to UV irradiation have shown 
that the recovery and repair processes occurring in 
B.fragiZis cells after UV irradiation differ in a 
number of ways from those known to occur in wild 
type E.coZi cells and other aerobic bacteria. These 
differences, and in particular the finding that 
B.fragilis differs from other bacteria in that far-
UV light inactivation of the cells is dependent on 
the presence of oxygen, had triggered the research 
reported in this thesis. Previously it was shown 
that the decrease in survival of B.fragilis cells 
irradiated under aerobic conditions was not due to an 
increase in the amount of UV damage sustained by the 
DNA, but that the differences were rather due to a 
decreased repair potential of the cells under aerobic 
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conditions (Jones et aZ~ 1980; Jones & Woods, 1981) • 
The demonstration of LHR and phage reactivation in R. 
fragilis after UV irradiation (Jones & Woods, 1981; 
Slade et al~ 1983b) indicated that repair phenomena 
can be induced in this organism under anaerobic condi-
tions. Exposure of B.fragilis cells to far-UV light, 
under anaerobic conditions resulted in the induction 
of one novel protein (molecular weight 95 000) and 
the induced synthesis of two other proteins (molecular 
weights 90 000 and 70 000) which were synthesized in 
small amounts in unirradiated cells. UV survival and 
the induction of these three proteins was not affected 
by the addition of sodium arsenite to the cells 
immediately after.irradiation. Sodium arsenite inhibits 
recA+-dependent repair processes in irradiated E.aoli 
cells (Rossman et al~ 1975). However, the production 
of all three UV-inducible proteins was inhibited in the 
presence of sublethal concentrations of caffeine. 
Caffeine inhibits uvr+-dependent excision repair 
processes in other organisms (Rupert & Harm, 196(); 
Fong & Bockrath, 1979; Rothman, 1980) and was 
previously also shown to inhibit several uv-induced 
repair phenomena in B.fragilis cells. It was thus 
suggested that.the three inducible proteins may be 




DNA synthesis in prelabelled B.fragiZis cells irradiated 
under anaerobic conditions was characterized by an 
extensive and rapid degradation of DNA immediately after 
irradiation, followed by net DNA synthesis. The 
extensive degradation masked the discovery, which was 
made with unlabelled cells, that DNA synthesis was 
decreased, but never completely inhibited by UV irra-
diation, and continued in a linear mode for a dose-
dependent period before exponential synthesis resumed. 
In both the extensive degradation of UV-irradiated DNA 
and the continuation of DNA synthesis after irradia-
tion, the B. fragi Zis DNA synthes-is profile differed 
from that in wild type E .·coli cells and was in fact 
similar to that in E.coZi recA mutants (Clark, 1973; 
Trgov~evic et aZ, 1980; Williams et aZ, 1981) • 
The degradation of UV-irradiated B.fragiZis DNA was 
inhibited by chloramphenicol, suggesting that de novo 
protein synthesis is required for the observed degra-
dation.· The addition of caffeine to cells immediately 
after UV irradiation also inhibited the extensive DNA 
degradation in B.fragiZis. In E.coZi caffeine greatly 
reduces DNA degradation in recA mutants of this organism. 
The presence of chloramphenicol in cells immediately 
after UV irradiation inhibits the recA+-dependent 
resumption of DNA synthesis in E.coZi cells (Kogoma & 
Connaughton, 1978; Lark & Lark, 1978; Kogoma et aZ, 
•• 
• 
197 9; Hall & Mount, 19 81) • In B.fragilis cells 
chloramphenicol reduced DNA synthesis but never 
completely inhibited ~t, and after a certain length 
of time exponential DNA synthesis resumed (at a rate 
similar to that in irradiated cells in the absence 
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of the drug). The DNA synthesis in irradiated B.fragilis 
cells treated with chloramphenicol is analogous to 
abnormal stable UV-induced DNA replication in E.coli 
in that it could occur in the absence of protein 
synthesis (Kogoma & Lark, 1975; Lark & Lark, 1978) but 
B.fragilis differs from E.coli in that protein synthesis 
was not necessary, immediately after irradiation for the 
initiation of stable DNA synthesis (Kogoma et al~ 1979) • 
Excision repair processes can continue in the presence 
of chloramphenicol in irradiated E.coli cells (Swenson 
& Setlow, 1966). The addition of caffeine to uv-
irradiated B.fragilis cells rapidly inhibited DNA 
synthesis and at the same time reduced the survival of 
irradiated B.fragilis cells. It is thus suggested that 
excision repair processes may play an important role 
in the repair of damaged DNA and consequent survival in 
UV-irradiated B.fragilis cells under anaerobic 
conditions. RNA and protein synthesis in B.fragilis 
and E.coli cells are less sensitive to UV than DNA 
synthesis • 
•• 
Colony formation in B.fragiZis cells was not immediately 
affected by UV irradiation. A transient increase in the 
number of colony-forming units was followed after a dose-
dependent period of time by an inhibition of colony 
formation. Cell division in irradiated B.fragilis 
cultures did not resume during a further 2,5 h of 
anaerobic incubation, although DNA synthesis continued 
during this time. 
B.fragiZis is interesting in that although it is an 
obligate anaerobe it can be maintained in aerobic 
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holding solutions for l to 6 hours without loss of 
viability (Jones & Woods, t98l) . Exposure of unirradiated 
exponential B.fragilis cells to oxygen caused an 
inhibition of colony formation and a reduction in the 
rate of DNA synthesis, but DNA synthesis continued 
for a limited period of time before it was totally 
inhibited by oxygen. The rate and time of inhibition 
of DNA synthesis by oxygen was affected by the method of 
aeration~ RNA and protein synthesis were less 
sensitive to oxygen than DNA synthesis. 
Uptake experiments demonstrated that the plateau in DNA 
synthesis which occurred in aerated B.fragilis cells was 
not due to a shutoff of isotope transport and DNA 
turnover studies revealed that the plateau in fact 




Since the incorporation of isotopes into RNA and 
protein continued after DNA synthesis was inhibited, 
the inhibition of DNA synthesis was not due to the 
inhibition of RNA or protein synthesis by oxygen. 
Our results on the effect of air on macromolecular 
synthesis in B.fragitis differ from those reported 
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by Glass et at (1979) with B.thetaiotaomicron and by 
Stevenson (1979) with B.ruminicoZa. In these anaerobes 
oxygen inhibits uptake of isotopes and macromolecular 
synthesis. No reason for the difference between the 
B.fragiZis Bf-2 strain and the other two Bacteroides 
species is known, but it suggests that there are 
substantial differences between species of Bacteroides 
ahd their response to oxygen. The B.fragiZis Bf-2 
strain was first isolated in 1977 and has been regularly 
exposed to air during subculturing over the last six 
years which may account for its response to oxygen. 
DNA synthesis resumed in an exponential fashion if B. 
fragitis cultures were restored to anaerobic conditions 
before the plateau in DNA synthesis was reached. Once 
DNA synthesis in aerated B.fragiZis cells was inhibited, 
restoration of the cells to anaerobic conditions did 
not result in a resumption of DNA synthesis. There 
was an interesting correlation between inhibition of 
DNA synthesis and loss of viability in B.fragitis cells 




upon prolonged exposure to oxygen appears to be due 
to something more than just an inhibition of DNA 
synthesis. Treatment of B. fragi lis· c·ells with hydrogen 
peroxide under anaerobic conditions could likewise 
inhibit colony formation but loss of viability did not 
follow the observed hydrogen peroxide-induced inhibition 
of DNA synthesis. 
Studies with the anaerobe B.fragilis showed the 
induction of certain proteins and the synthesis of many 
other proteins during pulse-labelling experiments in 
the presence of oxygen, which confirmed our previous 
conclusion that B.fragilis differs from B.thetaiotao-
micron in that protein synthesis is not inhibited 
immediately by oxygen. Assays for oxygen radical 
scavenging enzymes were not undertaken, but a 106 000-
molecular weight protein was induced by both oxygen 
and hydrogen peroxide, but not by UV radiation, which 
strongly suggested that it .is a hydrogen peroxide-
inducible protein. The hydrogen peroxide scavenging 
enzymes, catalase and peroxide, are inducible in E.coli 
Kl2 cells (Hassan & Fridovich, 1977a) and several 
Bacteroides species were previously shown to contain 
high levels of catalase. Another protein of molecular 
weight 37 000 was induced by oxygen, but not by hydrogen 
peroxide or UV radiation under anaerobic conditions, 




inducible SOD. The molecular weight of this'B.froagitis 
protein is very similar to that of the inducible SOD 
in B.distasonis and E.coZi (Gregory et aZ, 1977a; 
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Fee, 1981). 
Exposure of exponential phase B.froagiZis cells to oxygen 
or to hydrogen peroxide treatment under anaerobic 
conditions, resulted in the induction of tw9 proteins 
(90 000- and 70 COO-molecular weight proteins) which 
were also induced by far-UV radiation under anaerobic 
conditions. All three agents have previously been 
shown to induce phage reactivation systems in B.froagiZis 
(Slade et aZ, l983a and 1983b) . Caffeine inhibited 
the production of these two proteins under aerobic 
conditions (as well as under anaerobic conditions) and 
also inhibited or reduced oxygen- and hydrogen peroxide-
induced phage reactivation. These findings, coupled 
with the fact that excision of pyrimidine dimers was 
shown to occur under both anaerobic and aerobic 
conditions (Jones & Woods, 1981), support the suggestion 
that the 90 000- and 70 000-molecular weight proteins 
are involved in excision repair and phage reactivation 
processes in B.froagiZis. Two of the E.coZi uvro+ proteins 
were recently shown to be inducible by DNA damage 
(Fogliano & Schendel, 1981; Kenyon & Walker, 1981) and 
inducible excision repair is thought to be an important 
component of Weigle reactivation in E.coZi cells (Cooper, 
19 81) 0 
•• 
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The induction of a phage reactivation system by 
oxygen does not protect B.fragilis cells against 
far-UV radiation and the presence of. oxygen in 
fact sensitizes B.fragilis to far-uv radiation 
(Jones et al, 1980) • This sensitization was found 
to be a specific effect of molecular oxygen since 
pretreatment of cells with hydrogen peroxide actually 
enhances the survival of the irradiated B.fragilis 
cells (Slade et al, 1983b). Exposure of B.fragilis 
cells to oxygen inhibited the induction of the 
95 000-molecular weight protein which was induced 
by far-UV light and hydrogen peroxide treatment 
of the cells under anaerobic conditions. Oxygen 
also inhibited the synthesis of a 40 000-molecular 
weight protein which was unaffected by hydrogen 
peroxide treatment and UV radiation under 
anaerobic conditions. There is thus a possibility 
that the inhibition of synthesis of either one or 
both of the 95 000- and 40 000-molecular weight 
proteins by oxygen renders B.fragilis cells more 
sensitive to UV light. 
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DNA synthesis in B.fragilis was markedly affected by UV 
radiation and oxygen. Irradiation of B.fragilis in the 
presence of oxygen caused an immediate inhibition of DNA 
synthesis and the extensive degradation of DNA which 
occurred under anaerobic conditions immediately after 
•• 
' 
UV irradiation, was not observed in aerobically irra-
diated cells. RNA and protein synthesis were 
relatively unaffected under similar conditions and 
continued in the absence of net DNA synthesis. The 
pattern of DNA synthesis in cells treated with hydrogen 
peroxide after UV irradiation under anaerobic 
conditions, was similar to that in anaerobically 
irradiated cells in the absence of hydrogen peroxide. 
Since caffeine which has been shown to decrease the 
survival of irradiated B.fragilis cells, also 
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inhibited DNA degradation and DNA synthesis in irradia-
ted cells, it was suggested that the inhibition of DNA 
degradation and DNA synthesis by oxygen and UV radiation 
could be a reason for B.fragilis cells being more 
sensitive to UV radiation in the presence of oxygen. 
Previous results on LHR in.B.fragilis suggested that 
oxygen inhibits some aspects of "recombinat·ional repair", 
resulting in sensitization to UV and the expression 
of LHR (Jones, 1979; Jones & Woods, 1981}. The lack 
of success in obtaining chromosomal recombination in 
members of the Bacteroidaceae,along with the absence 
of lysogeny and the difficulties encountered in inducing 
mutants, alsb indicate some possible deficiency in the 
genetic recombination system in these organisms. Further 
studies on recombination processes in particular under 
the different conditions should thus be undertaken in 
• 
B.fragiZis to supplement the basic studies on DNA 
repair reported in this thesis. Although it is not 
known whether B.fragiZis can take up 5-bromouracil 
(BrdU), it would be worthwhile to try and pulse-label 
B.fragiZis DNA in the presence of BrdU after UV 
irradiation under the differe~t conditions, followed 
by isopycnic density distribution analysis of the 
denatured DNA. A density shift can be interpreted as 
evidence that extensive exchanges occur between parent 
DNA and the DNA made after irradiation. Preliminary 
experiments indicated that 50 and 100 ~g ml-l of 
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5-BrdU had no effect on the growth of B.fragiZis cells in 
minimal medium over 180 min (Slade, 1983) which 
suggested that 5-BrdU may not be taken up by B.fragiZis 
cells. 
The isolation of UV-sensitive and -resistant B.fragiZis 
mutants, and in particular an excision repair-deficient 
mutant, is an essential prerequisite before any further 
characterization of post-replication repair is possible. 
A study of the rate of decrease of endonuclease-
sensitive sites in ~uch an excision repair mutant after 
irradiation under the different conditions, may help to 
establish whether the enhanced survival of cells irra-
diated under anaerobic conditions is due to a second 
mode or pathway of repair becoming operational under 
these conditions. In addition, repair-deficient mutants 
' 
would.be extremely valuable in clarifying the 
functions of the different damage-inducible proteins 
in B.fragilis and explain their relationship with 
observed repair phenomena in this important anaerobe. 
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APPENDIX 1 
MEDIA AND SOLUTIONS 
1. Preparation of Anaerobic Media and Solutions 
Prereduced and anaerobically sterilized (PRAS) media 
and solutions were prepared according to the methods 
of Moore (1966), Hungate (1969) and Holdeman and 
Moore (1972). Most of the oxygen in media was 
driven off by heating, and the media were further 
reduced by the addition of cysteine hydrochloride or 
sodium thioglycollate. They were then flushed with 
co
2 
and maintained in an anaerobic state in Astell 
roll tubes with tightly fitting rubber stoppers, 
Hungate tubes, or in anaerobic jars or boxes with 
silica gel in muslin bags and palladium-coated 
alumina pellets. 
All sterilization was done by autoclaving at 121°C 
for 15 min unless otherwise stated. Distilled deionized 






Beef Liver Anaerobe Medium 




The beef liver was soaked overnight in the fridge and 
the fat skimmed off the top. The suspension was 
autoclaved for 10 min and filtered through cheese-
cloth. The meat was saved. 
To the liquid was added: 
10,0 g 
1,0 g 
The pH was adjusted to 8,0 and the liquid was filtered 
again. The volume was made up to 1,0 litre with 
distilled water. A small amount of caco3 was placed 
in each tube together_ with 1,5 em of cooked meat. This 
mixture was then covered with broth to a total depth 




2.2 Brain Heart Infusion Broth 
BHI 3,7 g 
Yeast Extract 0,5 g 
Sodium thioglycollate O,llg 
Na 2co3 o, 4 g 
Resazurin stock solution 1,0 ml 
Distilled H20 100,0 ml 
The medium was steamed for 30 min and 1,0 ml Haemin-
Menadione stock solution was added. The broth was 
dispensed into Hungate tubes in 10 ml volumes, gassed 
immediately with co2 and autoclaved. 
2.3 Brain Heart Infusion Agar 
2.3.1 Plates 
BHI 3,7 g 
Yeast Extract 0,5 g 
Agar (Difco) 1,5 g 
Distilled H20 100,0 ml 
The medium was autoclaved, cooled to 50°C and 
Cysteine stock solution 
Na 2co3 stock solution 
Haemin-Menadione stock solution 







BHI 3 '7 g 
Yeast Extract 0,5 g 
Agar (Difco} 1,5 g 
100,0 m.t 
The medium was steamed for 30 min and 
Cysteine stock solution 
Na2co3 stock solution 




were added. The medium was d•ispensed in 10 m.t amounts 
in Astell roll tubes, gassed, clamped, autoclaved and 
sloped. 
2.4 Cysteine Stock Solution 
Cysteine hydrochloride 1,0 g 
20,0 m.t 
Autoclaved. 1 m.t cysteine stock solution was added 
per 100 m.t cooled medium prior to pouring to give a 
-1 final concentration of 0,5 mg m.t 







Autoclaved. 2 m.t of Na2co3 stock was added per 100 m.t 
medium to give a final concentration of 4 mg m.t- 1 . 
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2.6 Haemin-Menadione Stock Solution 
2.6.1 Menadione Stock Solution 
Menadione 100,0 mg 
95%.ethanol 20,0 m£ 
Filter-sterilized and stored at 4°C. 
2.6.2 Haemin Stock Solution 
Haemin 50,0 mg 
1 N NaOH 1,0 m£ 
Distilled H2o 100,0 m£ 
Autoclaved and stored at 4°C. 
2.6.3 Haemin-Menadione Stock Solution 
Menadione stock solution 1,0 m£ 
Haemin stock solution 100,0 m£ 
.1 m£ of Haemin-Menadione stock solution was added per 
100 m£ cooled medium to give a final haemin concentration 
of 5 J..Lg m£- 1 . 
• 
2.7 Resazurin Stock Solution 
Resazurin 20,0 mg 
100,0 m.t 
1 m.t of Resazurin stock solution was added per 100 m.t 
to give a final concentration of 2 ~g m.t-1 
2.8 Minimal Medium Broth 
2.8.1 Solutions for Minimal Medium Broth 
2.8.1.1 Mineral Solution 
KH 2Po4 18,0 g 
NaCl 18,0 g 
CaC1 2 .2H20 0,53g 
MgC1 2 .6H 20 0,4 g 
MnC1 2 .4H 20 0,2 g 
CoC1 2 .6H20 0,02g 
Made up to 1000 m.twith distilled H2o. Stored over 
10% chloroform at 4°c. 
2.8.1.2 Feso4 .7H 2o Stock Solution 
FeS04 .7H 20 
Distilled H2o 
Stored over 10% chloroform at 4°c. 
0,04g 
100,0 m.t 
1 m.t of the solution was added to 100 m.t medium to 
-1 













The solution was autoclaved and 5 ml was added per 
100 ml medium. 
2.8.1.4 Glucose Stock Solution 
Glucose 10,0 g 
100,0 ml 
The solution was autoclaved and 5 ml was added per 
100 ml of medium to give a final concentration of 
5 mg ml- 1 • 
2.8.1.5 Vitamin Bl2 Stock Solution 
A stock solution of 1 -1 IJ.g ml was made up with sterile 
distilled water. Stored at 4°C. O, 5 ml was added per 
100 ml of medium to give a final concentration of 
0,005 IJ.g l-1 m • 
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2.8.2 Minimal Medium Broth (Varel & Bryant, 1974) 
Mineral solution 
F~so4 stock solution 
(NH4 ) 2so4 stock solution 
Resazurin stock solution 
Sodium thioglycollate 
Distilled H2o 
The medium was autoclaved and 
Glucose stock solution 
Vitamin Bl2 stock solution 








0, 5 ml 
1,0 ml 
2,0 'ml 
were added asceptically. The broth was dispensed into 
sterile Hungate tubes of 10 m.t amounts and was gassed 
immediately using sterile needles. 
2.9 Ringer Solution, one-quarter-strength 
2.9.1 Anaerobic Ringer Solution 
NaCl 2,25g 
KCl O,l05g 
CaC1 2 O,l2g 
NaHC0 3 
0,05g 
Distilled H2o 1,0 l 
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The solution was autoclaved, thoroughly perfused while 
still hot and allowed to stand in the anaerobic cabinet 
for at least 24 hours before it was used. 
















The solution was steamed for 30 minutes, dispensed in 
9 m.t or 9,9 m.t volumes, gassed and then autoclaved. 
251 
3. Solutions and buffers for SDS polyacrylamide 
gel electrophoresis 
3.1 SDS Sample Buffer 
Glycerol 
S-2-Mercaptoethanol 







Dissoled and made up to 100 ml with distilled 
water. The .pH was adjusted to 6,8 with concentrated 
HCl. 
3.2 Acrylarnide Stock Solution 
Acrylarnide (Merck} 29,2 g 
N, N'-methylene-bisacrylamide 0,8 g 
Distilled H20 100,0 ml 
Dissolved and stored at 4°c in the dark. The stock 
solution was discarded if not used within 3 days. 
Before the acrylamide stock solution was used, 2 to 3 
spatulas full of Amberlite Resin CG-50, type II, 200 
mesh (chromatographic grade} was added to it. This 
suspension was allowed to adsorb for at least 6 h 
before the resin was filtered off and the stock 
solution used in making up polyacrylamide gels. 
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Made up to 100 mt with distilled water. The pH was 
adjusted to 6,8 with cone. HCl 





Made up to 100 mt with distilled water. The pH was 
adjusted to 8,8 with cone. HCl 





This solution was freshly prepared for each set of 
polyacrylamide gels. 
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3.6 Polyacrylamide Gel Mixtures Quantity for 2 gels of 8,4% 
3.6.1 Stacking Gel Mix 
Acrylamide stock solution 





This was briefly degassed and 
Ammonium persulphate stock 
TEMED 
was then added. 
3.6.2 Resolving Gel Mix 
Acrylamide stock solution 
Lower gel buffer 
Distilled H2o 
The mixture was briefly degassed and 
Ammonium persulphate stock 
TEMED 




If the gels were not poured immediately, the gel 
mixtures were kept on ice until required. Polymer-
ization commonly took 3 h to complete, but the gels 
were usually left overnight covered with plastic to 
prevent dehydration. Before the stacking gel was 
cast, the upper gel spacer was removed and any 













Dissolved and made up to 5 litres with distilled water. 
Stored at room temperature in the dark. 
3.8 Destaining Solution 
Glacial acetic acid 90,0 ml 
Propan-2-ol 300,0 m.t 
Distilled H20 810,0 m.t 
Stored at room temperature. 
3.9 Coomassie Blue Staining Solution 0,05% 
Coomassie brilliant blue R250 0,25g 
Dissolved in 10 m.t absolute alchohol and filtered into 
500 m.t destaining solution. Stored at room temperature 
in the dark. 
\ 
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